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Abstract ﾠ 32 ﾠ
We ﾠuse ﾠGEOS-ﾭChem ﾠchemical ﾠtransport ﾠmodel ﾠsimulations ﾠof ﾠsulfate-ﾭammonium ﾠaerosol ﾠdata ﾠ 33 ﾠ
from ﾠthe ﾠNASA ﾠARCTAS ﾠand ﾠNOAA ﾠARCPAC ﾠaircraft ﾠcampaigns ﾠin ﾠApril ﾠ2008, ﾠtogether ﾠwith ﾠ 34 ﾠ
longer-ﾭterm ﾠdata ﾠfrom ﾠsurface ﾠsites, ﾠto ﾠbetter ﾠunderstand ﾠaerosol ﾠsources ﾠin ﾠthe ﾠArctic ﾠin ﾠwinter-ﾭ 35 ﾠ
spring ﾠand ﾠthe ﾠimplications ﾠfor ﾠaerosol ﾠacidity. ﾠArctic ﾠpollution ﾠis ﾠdominated ﾠby ﾠtransport ﾠfrom ﾠ 36 ﾠ
mid-ﾭlatitudes, ﾠand ﾠwe ﾠtest ﾠthe ﾠrelevant ﾠammonia ﾠand ﾠsulfur ﾠdioxide ﾠemission ﾠinventories ﾠin ﾠthe ﾠ 37 ﾠ
model ﾠby ﾠcomparison ﾠwith ﾠwet ﾠdeposition ﾠflux ﾠdata ﾠover ﾠthe ﾠsource ﾠcontinents. ﾠWe ﾠfind ﾠthat ﾠa ﾠ 38 ﾠ
complicated ﾠmix ﾠof ﾠnatural ﾠand ﾠanthropogenic ﾠsources ﾠwith ﾠdifferent ﾠvertical ﾠsignatures ﾠis ﾠ 39 ﾠ
responsible ﾠfor ﾠsulfate ﾠconcentrations ﾠin ﾠthe ﾠArctic. ﾠEast ﾠAsian ﾠpollution ﾠinfluence ﾠis ﾠweak ﾠin ﾠ 40 ﾠ
winter ﾠbut ﾠbecomes ﾠimportant ﾠin ﾠspring ﾠthrough ﾠtransport ﾠin ﾠthe ﾠfree ﾠtroposphere. ﾠEuropean ﾠ 41 ﾠ
influence ﾠis ﾠimportant ﾠat ﾠall ﾠaltitudes ﾠbut ﾠnever ﾠdominant. ﾠWest ﾠAsia ﾠ(non-ﾭArctic ﾠRussia ﾠand ﾠ 42 ﾠ
Kazakhstan) ﾠis ﾠthe ﾠlargest ﾠcontributor ﾠto ﾠArctic ﾠsulfate ﾠin ﾠsurface ﾠair ﾠin ﾠwinter, ﾠreflecting ﾠa ﾠ 43 ﾠ
southward ﾠextension ﾠof ﾠthe ﾠArctic ﾠfront ﾠover ﾠthat ﾠregion. ﾠAmmonium ﾠin ﾠArctic ﾠspring ﾠmostly ﾠ 44 ﾠ
originates ﾠfrom ﾠanthropogenic ﾠsources ﾠin ﾠEast ﾠAsia ﾠand ﾠEurope, ﾠwith ﾠadded ﾠcontribution ﾠfrom ﾠ 45 ﾠ
boreal ﾠfires, ﾠresulting ﾠin ﾠa ﾠmore ﾠneutralized ﾠaerosol ﾠin ﾠthe ﾠfree ﾠtroposphere ﾠthan ﾠat ﾠthe ﾠsurface. ﾠ 46 ﾠ
The ﾠARCTAS ﾠand ﾠARCPAC ﾠdata ﾠindicate ﾠa ﾠmedian ﾠaerosol ﾠneutralization ﾠfraction ﾠ 47 ﾠ
[NH4
+]/(2[SO4
2-ﾭ]+[NO3
-ﾭ]) ﾠof ﾠ0.5 ﾠmol ﾠmol
-ﾭ1 ﾠbelow ﾠ2 ﾠkm ﾠand ﾠ0.7 ﾠmol ﾠmol
-ﾭ1 ﾠabove. ﾠWe ﾠfind ﾠthat ﾠ 48 ﾠ
East ﾠAsian ﾠand ﾠEuropean ﾠaerosol ﾠtransported ﾠto ﾠthe ﾠArctic ﾠis ﾠmostly ﾠneutralized, ﾠwhereas ﾠWest ﾠ 49 ﾠ
Asian ﾠand ﾠNorth ﾠAmerican ﾠaerosol ﾠis ﾠhighly ﾠacidic. ﾠGrowth ﾠof ﾠsulfur ﾠemissions ﾠin ﾠWest ﾠAsia ﾠ 50 ﾠ
may ﾠbe ﾠresponsible ﾠfor ﾠthe ﾠobserved ﾠincrease ﾠin ﾠaerosol ﾠacidity ﾠat ﾠBarrow ﾠover ﾠthe ﾠpast ﾠdecade. ﾠ 51 ﾠ
As ﾠglobal ﾠammonia ﾠemissions ﾠgrow ﾠover ﾠthe ﾠnext ﾠcentury, ﾠincreasing ﾠaerosol ﾠneutralization ﾠin ﾠ 52 ﾠ
the ﾠArctic ﾠis ﾠexpected, ﾠpotentially ﾠaccelerating ﾠArctic ﾠwarming ﾠthrough ﾠindirect ﾠradiative ﾠforcing ﾠ 53 ﾠ
and ﾠfeedbacks. ﾠ 54 ﾠ
 ﾠ 55 ﾠ
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1 ﾠ 57 ﾠ
1. ﾠIntroduction ﾠ 58 ﾠ
Long-ﾭrange ﾠtransport ﾠof ﾠpollution ﾠfrom ﾠmid-ﾭlatitudes ﾠis ﾠa ﾠmajor ﾠsource ﾠof ﾠaerosols ﾠto ﾠthe ﾠArctic, ﾠ 59 ﾠ
with ﾠa ﾠwinter-ﾭspring ﾠmaximum ﾠknown ﾠas ﾠArctic ﾠhaze ﾠ(Rahn, ﾠ1981a;; ﾠQuinn ﾠet ﾠal., ﾠ2009). ﾠSulfate ﾠ 60 ﾠ
 ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ
1 ﾠARCTAS: ﾠArctic ﾠResearch ﾠof ﾠthe ﾠComposition ﾠof ﾠthe ﾠTroposphere ﾠfrom ﾠAircraft ﾠand ﾠSatellites ﾠ
 ﾠ ﾠARCPAC: ﾠAerosol, ﾠRadiation, ﾠand ﾠCloud ﾠProcesses ﾠaffecting ﾠArctic ﾠClimate ﾠ ﾠ
is ﾠthe ﾠdominant ﾠcomponent ﾠof ﾠthis ﾠaerosol ﾠ(Quinn ﾠet ﾠal., ﾠ2007), ﾠand ﾠit ﾠmay ﾠrange ﾠfrom ﾠhighly ﾠ 61 ﾠ
acidic ﾠto ﾠfully ﾠneutralized ﾠdepending ﾠon ﾠthe ﾠavailability ﾠof ﾠammonia. ﾠThe ﾠextent ﾠto ﾠwhich ﾠsulfate ﾠ 62 ﾠ
aerosol ﾠis ﾠneutralized ﾠhas ﾠimplications ﾠfor ﾠaerosol ﾠradiative ﾠforcing ﾠ(Martin ﾠet ﾠal., ﾠ2004), ﾠice ﾠ 63 ﾠ
cloud ﾠnucleation ﾠ(Abbatt ﾠet ﾠal., ﾠ2006;; ﾠEastwood ﾠet ﾠal., ﾠ2009;; ﾠBaustian ﾠet ﾠal., ﾠ2010), ﾠand ﾠ 64 ﾠ
heterogeneous ﾠchemistry ﾠ(Fan ﾠand ﾠJacob, ﾠ1992;; ﾠFickert ﾠet ﾠal., ﾠ1999). ﾠHere ﾠwe ﾠuse ﾠthe ﾠGEOS-ﾭ 65 ﾠ
Chem ﾠ3-ﾭD ﾠglobal ﾠchemical ﾠtransport ﾠmodel ﾠ(CTM) ﾠto ﾠinterpret ﾠobservations ﾠof ﾠsulfate-ﾭ 66 ﾠ
ammonium ﾠaerosol ﾠcomposition ﾠand ﾠacidity ﾠfrom ﾠthe ﾠNASA ﾠARCTAS ﾠ(Arctic ﾠResearch ﾠof ﾠthe ﾠ 67 ﾠ
Composition ﾠof ﾠthe ﾠTroposphere ﾠfrom ﾠAircraft ﾠand ﾠSatellites) ﾠand ﾠNOAA ﾠARCPAC ﾠ(Aerosol, ﾠ 68 ﾠ
Radiation, ﾠand ﾠCloud ﾠProcesses ﾠaffecting ﾠArctic ﾠClimate) ﾠaircraft ﾠcampaigns ﾠconducted ﾠin ﾠApril ﾠ 69 ﾠ
2008, ﾠusing ﾠalso ﾠground-ﾭbased ﾠmeasurements ﾠto ﾠplace ﾠthe ﾠaircraft ﾠdata ﾠin ﾠa ﾠbroader ﾠseasonal ﾠ 70 ﾠ
context. ﾠOur ﾠobjective ﾠis ﾠto ﾠbetter ﾠunderstand ﾠthe ﾠsources ﾠcontributing ﾠto ﾠsulfate, ﾠammonium, ﾠand ﾠ 71 ﾠ
aerosol ﾠacidity ﾠthrough ﾠthe ﾠdepth ﾠof ﾠthe ﾠArctic ﾠtroposphere ﾠover ﾠthe ﾠwinter-ﾭspring ﾠseason. ﾠ 72 ﾠ
 ﾠ 73 ﾠ
High ﾠaerosol ﾠconcentrations ﾠin ﾠthe ﾠArctic ﾠin ﾠwinter-ﾭspring ﾠreflect ﾠa ﾠcombination ﾠof ﾠfast ﾠtransport ﾠ 74 ﾠ
from ﾠmid-ﾭlatitudes, ﾠreduced ﾠvertical ﾠmixing, ﾠand ﾠlack ﾠof ﾠprecipitation ﾠ(Barrie ﾠet ﾠal., ﾠ1981;; ﾠRaatz ﾠ 75 ﾠ
and ﾠShaw, ﾠ1984;; ﾠIversen ﾠand ﾠJoranger, ﾠ1985;; ﾠBarrie, ﾠ1986;; ﾠShaw, ﾠ1995;; ﾠQuinn ﾠet ﾠal., ﾠ2007;; ﾠ 76 ﾠ
Garrett ﾠet ﾠal., ﾠ2010). ﾠThe ﾠresulting ﾠaerosol ﾠradiative ﾠforcing ﾠmay ﾠplay ﾠa ﾠmajor ﾠrole ﾠin ﾠdriving ﾠ 77 ﾠ
climate ﾠchange ﾠin ﾠthe ﾠArctic ﾠ(Shindell ﾠand ﾠFaluvegi, ﾠ2009), ﾠwhere ﾠrecent ﾠwarming ﾠhas ﾠbeen ﾠ 78 ﾠ
especially ﾠrapid ﾠ(Trenberth ﾠet ﾠal., ﾠ2007). ﾠScattering ﾠsulfate ﾠaerosols ﾠreflect ﾠincoming ﾠsolar ﾠ 79 ﾠ
radiation, ﾠgenerally ﾠresulting ﾠin ﾠatmospheric ﾠcooling ﾠ(Quinn ﾠet ﾠal., ﾠ2008). ﾠHowever, ﾠwarming ﾠ 80 ﾠ
may ﾠresult ﾠwhere ﾠthe ﾠsurface ﾠalbedo ﾠis ﾠvery ﾠhigh ﾠ(Pueschel ﾠand ﾠKinne, ﾠ1995) ﾠor ﾠif ﾠthe ﾠsulfate ﾠis ﾠ 81 ﾠ
internally ﾠmixed ﾠwith ﾠabsorbing ﾠaerosol ﾠ(Jacobson, ﾠ2001b). ﾠHygroscopic ﾠgrowth ﾠof ﾠparticles ﾠ 82 ﾠ
leads ﾠto ﾠabsorption ﾠof ﾠterrestrial ﾠradiation, ﾠinducing ﾠa ﾠdirect ﾠwarming ﾠeffect ﾠthat ﾠcan ﾠbe ﾠ 83 ﾠ
particularly ﾠefficient ﾠduring ﾠpolar ﾠnight ﾠ(Ritter ﾠet ﾠal., ﾠ2005). ﾠIndirect ﾠeffects ﾠof ﾠaerosols ﾠon ﾠcloud ﾠ 84 ﾠ
properties ﾠtypically ﾠcause ﾠsurface ﾠcooling ﾠ(Quinn ﾠet ﾠal., ﾠ2008) ﾠbut ﾠcan ﾠalso ﾠwarm ﾠthe ﾠsurface ﾠ 85 ﾠ
through ﾠinteractions ﾠwith ﾠterrestrial ﾠradiation ﾠ(Garrett ﾠand ﾠZhao, ﾠ2006;; ﾠLubin ﾠand ﾠVogelmann, ﾠ 86 ﾠ
2006). ﾠThe ﾠwarming ﾠis ﾠexpected ﾠto ﾠdominate ﾠduring ﾠArctic ﾠwinter ﾠ(Lubin ﾠand ﾠVogelmann, ﾠ2007). ﾠ 87 ﾠ
 ﾠ 88 ﾠ
The ﾠchemical ﾠcomposition ﾠof ﾠthe ﾠArctic ﾠaerosol, ﾠin ﾠparticular ﾠthe ﾠextent ﾠto ﾠwhich ﾠsulfate ﾠaerosol ﾠ 89 ﾠ
is ﾠneutralized, ﾠhas ﾠmajor ﾠimplications ﾠfor ﾠaerosol ﾠradiative ﾠforcing. ﾠObservations ﾠshow ﾠthat ﾠ 90 ﾠ
ammonia ﾠ(NH3) ﾠis ﾠthe ﾠmain ﾠneutralizing ﾠagent. ﾠIt ﾠis ﾠquantitatively ﾠabsorbed ﾠby ﾠthe ﾠacidic ﾠsulfate ﾠ 91 ﾠ ﾠ
aerosol, ﾠtitrating ﾠits ﾠacidity, ﾠreducing ﾠits ﾠhygroscopicity, ﾠand ﾠproducing ﾠsolid ﾠammonium ﾠsulfate ﾠ 92 ﾠ
at ﾠlow ﾠrelative ﾠhumidity. ﾠThe ﾠresulting ﾠdecrease ﾠin ﾠaerosol ﾠwater ﾠcontent ﾠboth ﾠreduces ﾠthe ﾠdirect ﾠ 93 ﾠ
radiative ﾠforcing ﾠof ﾠsulfate ﾠ(Boucher ﾠand ﾠAnderson, ﾠ1995;; ﾠAdams ﾠet ﾠal., ﾠ2001;; ﾠJacobson, ﾠ2001a;; ﾠ 94 ﾠ
Martin ﾠet ﾠal., ﾠ2004;; ﾠJ. ﾠWang ﾠet ﾠal., ﾠ2008b) ﾠand ﾠinhibits ﾠhomogenous ﾠice ﾠnucleation ﾠby ﾠliquid ﾠ 95 ﾠ
sulfate-ﾭcontaining ﾠparticles ﾠ(Koop ﾠet ﾠal., ﾠ2000). ﾠSolid ﾠammonium ﾠsulfate ﾠparticles ﾠcan ﾠalso ﾠplay ﾠa ﾠ 96 ﾠ
role ﾠin ﾠcold ﾠcloud ﾠformation ﾠby ﾠserving ﾠas ﾠheterogeneous ﾠice ﾠnuclei ﾠ(Abbatt ﾠet ﾠal., ﾠ2006;; ﾠWise ﾠet ﾠ 97 ﾠ
al., ﾠ2009;; ﾠBaustian ﾠet ﾠal., ﾠ2010). ﾠHydrophobic ﾠdust ﾠparticles ﾠcoated ﾠwith ﾠammonium ﾠsulfate ﾠare ﾠ 98 ﾠ
efficient ﾠice ﾠnuclei, ﾠwhereas ﾠparticles ﾠcoated ﾠwith ﾠpure ﾠsulfuric ﾠacid ﾠare ﾠnot ﾠ(Eastwood ﾠet ﾠal., ﾠ 99 ﾠ
2009). ﾠSulfate ﾠaerosol ﾠneutralization ﾠalso ﾠsuppresses ﾠacid-ﾭcatalyzed ﾠheterogeneous ﾠbromine ﾠ 100 ﾠ
reactions ﾠthought ﾠto ﾠbe ﾠcritical ﾠin ﾠdriving ﾠozone ﾠand ﾠmercury ﾠdepletion ﾠevents ﾠin ﾠArctic ﾠspring ﾠ 101 ﾠ
(Fan ﾠand ﾠJacob, ﾠ1992;; ﾠAyers ﾠet ﾠal., ﾠ1999;; ﾠFickert ﾠet ﾠal., ﾠ1999;; ﾠPiot ﾠand ﾠvon ﾠGlasow, ﾠ2008). ﾠ 102 ﾠ
 ﾠ 103 ﾠ
Most ﾠof ﾠthe ﾠinformation ﾠon ﾠsulfate ﾠaerosol ﾠin ﾠthe ﾠArctic ﾠhas ﾠcome ﾠfrom ﾠsurface ﾠsites. ﾠEarly ﾠ 104 ﾠ
studies ﾠattributed ﾠsulfate ﾠin ﾠthe ﾠNorth ﾠAmerican ﾠArctic ﾠto ﾠsulfur ﾠdioxide ﾠ(SO2) ﾠsources ﾠin ﾠEurope ﾠ 105 ﾠ
and ﾠthe ﾠSoviet ﾠUnion ﾠbased ﾠon ﾠmetal ﾠtracers ﾠ(Rahn, ﾠ1981b;; ﾠRaatz ﾠand ﾠShaw, ﾠ1984;; ﾠLowenthal ﾠ 106 ﾠ
and ﾠRahn, ﾠ1985). ﾠMore ﾠrecently, ﾠQuinn ﾠet ﾠal. ﾠ(2009) ﾠused ﾠthe ﾠsame ﾠmethodology ﾠwith ﾠdata ﾠfrom ﾠ 107 ﾠ
Barrow, ﾠAlaska ﾠto ﾠshow ﾠthat ﾠdespite ﾠlarge ﾠdecreases ﾠin ﾠemissions ﾠand ﾠa ﾠdecreasing ﾠtrend ﾠin ﾠ 108 ﾠ
sulfate ﾠconcentrations, ﾠthe ﾠattribution ﾠof ﾠsulfate ﾠsources ﾠhas ﾠnot ﾠchanged ﾠover ﾠthe ﾠpast ﾠ30 ﾠyears. ﾠ 109 ﾠ
In ﾠcontrast, ﾠdata ﾠfrom ﾠAlert, ﾠCanada ﾠsuggest ﾠa ﾠgrowing ﾠrelative ﾠcontribution ﾠfrom ﾠNorth ﾠAmerica ﾠ 110 ﾠ
as ﾠthe ﾠinfluence ﾠfrom ﾠEurasian ﾠsources ﾠhas ﾠdecreased ﾠ(Gong ﾠet ﾠal., ﾠ2010;; ﾠHirdman ﾠet ﾠal., ﾠ2010a). ﾠ 111 ﾠ
Eurasian ﾠemissions ﾠare ﾠstill ﾠthought ﾠto ﾠdominate ﾠsulfate ﾠconcentrations ﾠat ﾠboth ﾠBarrow ﾠand ﾠAlert ﾠ 112 ﾠ
(Hirdman ﾠet ﾠal., ﾠ2010a;; ﾠHirdman ﾠet ﾠal., ﾠ2010b). ﾠ 113 ﾠ
 ﾠ 114 ﾠ
Because ﾠthe ﾠhighly ﾠstable ﾠArctic ﾠboundary ﾠlayer ﾠis ﾠdecoupled ﾠfrom ﾠthe ﾠfree ﾠtroposphere ﾠin ﾠ 115 ﾠ
winter-ﾭspring, ﾠmeasurements ﾠat ﾠthe ﾠsurface ﾠare ﾠnot ﾠrepresentative ﾠof ﾠthe ﾠtropospheric ﾠcolumn. ﾠ 116 ﾠ
The ﾠsources ﾠof ﾠsulfate ﾠin ﾠthe ﾠArctic ﾠfree ﾠtroposphere ﾠare ﾠnot ﾠas ﾠwell ﾠunderstood ﾠas ﾠthe ﾠsources ﾠat ﾠ 117 ﾠ
the ﾠsurface, ﾠand ﾠsource ﾠcontributions ﾠmay ﾠvary ﾠgreatly ﾠwith ﾠaltitude ﾠ(Shindell ﾠet ﾠal., ﾠ2008). ﾠBack-ﾭ 118 ﾠ
trajectory ﾠanalyses ﾠof ﾠ1983-ﾭ1992 ﾠaircraft ﾠdata ﾠfrom ﾠthe ﾠArctic ﾠGas ﾠand ﾠAerosol ﾠSampling ﾠ 119 ﾠ
Program ﾠ(AGASP) ﾠimplied ﾠdominant ﾠsulfate ﾠsources ﾠin ﾠboth ﾠthe ﾠboundary ﾠlayer ﾠand ﾠthe ﾠfree ﾠ 120 ﾠ
troposphere ﾠfrom ﾠEurope ﾠand ﾠthe ﾠformer ﾠSoviet ﾠUnion ﾠ(Sheridan ﾠand ﾠMusselman, ﾠ1985;; ﾠHerbert ﾠ 121 ﾠ
et ﾠal., ﾠ1989;; ﾠParungo ﾠet ﾠal., ﾠ1993). ﾠMore ﾠrecent ﾠaircraft ﾠmeasurements ﾠand ﾠmodel ﾠanalyses ﾠfrom ﾠ 122 ﾠ ﾠ
the ﾠTropospheric ﾠOzone ﾠProduction ﾠabout ﾠthe ﾠSpring ﾠEquinox ﾠ(TOPSE) ﾠcampaign ﾠin ﾠFebruary-ﾭ 123 ﾠ
May ﾠ2000 ﾠsuggested ﾠdominant ﾠsulfate ﾠsources ﾠfrom ﾠEurope ﾠin ﾠthe ﾠboundary ﾠlayer ﾠand ﾠfrom ﾠ 124 ﾠ
North ﾠAmerica ﾠin ﾠthe ﾠmid-ﾭtroposphere ﾠ(Klonecki ﾠet ﾠal., ﾠ2003;; ﾠScheuer ﾠet ﾠal., ﾠ2003). ﾠ 125 ﾠ
 ﾠ 126 ﾠ
A ﾠnumber ﾠof ﾠCTM ﾠstudies ﾠhave ﾠinvestigated ﾠthe ﾠsources ﾠof ﾠsulfate ﾠin ﾠthe ﾠArctic, ﾠwith ﾠvarying ﾠ 127 ﾠ
results. ﾠSimulations ﾠfor ﾠthe ﾠlate ﾠ1980s ﾠand ﾠearly ﾠ1990s ﾠshowed ﾠa ﾠmajor ﾠcontribution ﾠto ﾠArctic ﾠ 128 ﾠ
sulfate ﾠfrom ﾠthe ﾠNorilsk ﾠindustrial ﾠsite ﾠin ﾠSiberia. ﾠChristensen ﾠ(1997) ﾠfound ﾠNorilsk ﾠto ﾠbe ﾠ 129 ﾠ
responsible ﾠfor ﾠ30% ﾠof ﾠlow-ﾭaltitude ﾠsulfate ﾠin ﾠthe ﾠArctic ﾠin ﾠall ﾠseasons, ﾠwith ﾠthe ﾠremainder ﾠfrom ﾠ 130 ﾠ
western ﾠEurope ﾠand ﾠRussia. ﾠAt ﾠhigher ﾠaltitudes, ﾠRussian ﾠand ﾠEuropean ﾠsources ﾠwere ﾠfound ﾠto ﾠ 131 ﾠ
dominate ﾠ(Christensen, ﾠ1997;; ﾠTarrasón ﾠand ﾠIversen, ﾠ1998). ﾠMore ﾠrecent ﾠwork ﾠhas ﾠrecognized ﾠthe ﾠ 132 ﾠ
growing ﾠimportance ﾠof ﾠEast ﾠAsian ﾠemissions, ﾠespecially ﾠin ﾠthe ﾠfree ﾠtroposphere ﾠ(Koch ﾠand ﾠ 133 ﾠ
Hansen, ﾠ2005;; ﾠShindell ﾠet ﾠal., ﾠ2008;; ﾠHuang ﾠet ﾠal., ﾠ2010). ﾠWhile ﾠmost ﾠmodels ﾠagree ﾠthat ﾠArctic ﾠ 134 ﾠ
sulfate ﾠcan ﾠbe ﾠattributed ﾠto ﾠa ﾠmix ﾠof ﾠanthropogenic ﾠsources ﾠfrom ﾠEurope, ﾠRussia, ﾠNorth ﾠAmerica, ﾠ 135 ﾠ
and ﾠEast ﾠAsia, ﾠthey ﾠdisagree ﾠconsiderably ﾠboth ﾠon ﾠthe ﾠrelative ﾠimportance ﾠof ﾠthese ﾠsources ﾠand ﾠon ﾠ 136 ﾠ
the ﾠabsolute ﾠconcentrations ﾠof ﾠsulfate ﾠin ﾠthe ﾠArctic ﾠatmosphere. ﾠA ﾠrecent ﾠmulti-ﾭmodel ﾠsulfate ﾠ 137 ﾠ
intercomparison ﾠby ﾠShindell ﾠet ﾠal. ﾠ(2008) ﾠshowed ﾠconcentrations ﾠvarying ﾠbetween ﾠmodels ﾠby ﾠa ﾠ 138 ﾠ
factor ﾠof ﾠ1000 ﾠin ﾠthe ﾠArctic ﾠfree ﾠtroposphere, ﾠwith ﾠnone ﾠof ﾠthe ﾠmodels ﾠable ﾠto ﾠsuccessfully ﾠ 139 ﾠ
reproduce ﾠobserved ﾠsurface ﾠsulfate ﾠconcentrations ﾠor ﾠseasonality. ﾠ ﾠ 140 ﾠ
 ﾠ 141 ﾠ
Little ﾠattention ﾠhas ﾠbeen ﾠpaid ﾠso ﾠfar ﾠto ﾠthe ﾠfactors ﾠdetermining ﾠthe ﾠneutralization ﾠof ﾠacidic ﾠsulfate ﾠ 142 ﾠ
aerosol ﾠby ﾠammonia ﾠin ﾠthe ﾠArctic. ﾠCombined ﾠobservations ﾠof ﾠaerosol ﾠsulfate ﾠand ﾠammonium, ﾠ 143 ﾠ
providing ﾠa ﾠdiagnostic ﾠof ﾠsulfate ﾠneutralization, ﾠare ﾠavailable ﾠfrom ﾠa ﾠfew ﾠArctic ﾠsurface ﾠsites. ﾠ 144 ﾠ
Ammonium ﾠconcentrations ﾠalso ﾠpeak ﾠin ﾠwinter-ﾭspring ﾠbut ﾠthe ﾠseasonal ﾠamplitude ﾠis ﾠless ﾠthan ﾠfor ﾠ 145 ﾠ
sulfate, ﾠresulting ﾠin ﾠpeak ﾠaerosol ﾠacidity ﾠin ﾠwinter ﾠ(Toom-ﾭSauntry ﾠand ﾠBarrie, ﾠ2002). ﾠWhile ﾠ 146 ﾠ
northern ﾠhemispheric ﾠNH3 ﾠemissions ﾠare ﾠestimated ﾠto ﾠhave ﾠincreased ﾠby ﾠ20% ﾠover ﾠthe ﾠlast ﾠdecade ﾠ 147 ﾠ
due ﾠto ﾠagricultural ﾠactivity ﾠ(Galloway ﾠet ﾠal., ﾠ2008;; ﾠClarisse ﾠet ﾠal., ﾠ2009), ﾠdata ﾠfrom ﾠBarrow ﾠshow ﾠ 148 ﾠ
decreasing ﾠArctic ﾠammonium ﾠconcentrations ﾠover ﾠthe ﾠlast ﾠdecade ﾠ(Quinn ﾠet ﾠal., ﾠ2009). ﾠ 149 ﾠ
Concurrent ﾠdecreases ﾠin ﾠsulfate ﾠare ﾠproceeding ﾠmore ﾠslowly, ﾠresulting ﾠin ﾠincreasing ﾠaerosol ﾠ 150 ﾠ
acidity ﾠat ﾠBarrow ﾠ(Quinn ﾠet ﾠal., ﾠ2009). ﾠData ﾠat ﾠAlert ﾠalso ﾠshow ﾠa ﾠdecline ﾠin ﾠammonium, ﾠbut ﾠ 151 ﾠ
proceeding ﾠless ﾠrapidly ﾠthan ﾠfor ﾠsulfate, ﾠleading ﾠto ﾠmore ﾠneutralized ﾠaerosol ﾠ(Hole ﾠet ﾠal., ﾠ2009). ﾠ 152 ﾠ ﾠ
The ﾠdifferences ﾠbetween ﾠBarrow ﾠand ﾠAlert ﾠpoint ﾠto ﾠdifferent ﾠsource ﾠinfluences ﾠaffecting ﾠdifferent ﾠ 153 ﾠ
regions ﾠof ﾠthe ﾠArctic ﾠin ﾠa ﾠtime-ﾭdependent ﾠway. ﾠ 154 ﾠ
 ﾠ 155 ﾠ
Data ﾠfrom ﾠthe ﾠApril ﾠ2008 ﾠARCTAS ﾠand ﾠARCPAC ﾠaircraft ﾠcampaigns ﾠbased ﾠin ﾠFairbanks, ﾠAlaska ﾠ 156 ﾠ
(Brock ﾠet ﾠal., ﾠ2010;; ﾠJacob ﾠet ﾠal., ﾠ2010) ﾠprovide ﾠunprecedented ﾠinformation ﾠon ﾠthe ﾠvertical ﾠ 157 ﾠ
distribution ﾠof ﾠsulfate-ﾭammonium ﾠaerosols ﾠthrough ﾠthe ﾠdepth ﾠof ﾠthe ﾠtroposphere ﾠin ﾠthe ﾠNorth ﾠ 158 ﾠ
American ﾠArctic. ﾠBoth ﾠaircraft ﾠincluded ﾠextensive ﾠchemical ﾠpayloads. ﾠWe ﾠuse ﾠhere ﾠthe ﾠGEOS-ﾭ 159 ﾠ
Chem ﾠCTM ﾠin ﾠcombination ﾠwith ﾠthe ﾠaircraft ﾠdata ﾠand ﾠseasonal ﾠobservations ﾠfrom ﾠsurface ﾠsites ﾠto ﾠ 160 ﾠ
probe ﾠthe ﾠsources ﾠof ﾠsulfate-ﾭammonium ﾠaerosols ﾠin ﾠthe ﾠArctic ﾠin ﾠwinter-ﾭspring ﾠand ﾠthe ﾠ 161 ﾠ
implications ﾠfor ﾠaerosol ﾠacidity. ﾠOther ﾠstudies ﾠhave ﾠapplied ﾠGEOS-ﾭChem ﾠto ﾠinterpretation ﾠof ﾠ 162 ﾠ
ARCTAS/ARCPAC ﾠobservations ﾠof ﾠCO ﾠ(Fisher ﾠet ﾠal., ﾠ2010), ﾠcarbonaceous ﾠaerosols ﾠ(Q. ﾠWang ﾠet ﾠ 163 ﾠ
al., ﾠ2011), ﾠHOx ﾠradicals ﾠ(Mao ﾠet ﾠal., ﾠ2010), ﾠand ﾠmercury ﾠ(Holmes ﾠet ﾠal., ﾠ2010). ﾠ 164 ﾠ
 ﾠ 165 ﾠ
2. ﾠGEOS-ﾭChem ﾠSimulation ﾠ 166 ﾠ
We ﾠuse ﾠthe ﾠGEOS-ﾭChem ﾠCTM ﾠversion ﾠ8-ﾭ02-ﾭ03 ﾠ(http://geos-ﾭchem.org) ﾠto ﾠsimulate ﾠcoupled ﾠ 167 ﾠ
aerosol-ﾭoxidant ﾠchemistry ﾠon ﾠthe ﾠglobal ﾠscale. ﾠThe ﾠmodel ﾠis ﾠdriven ﾠby ﾠGEOS-ﾭ5 ﾠassimilated ﾠ 168 ﾠ
meteorological ﾠdata ﾠfrom ﾠthe ﾠNASA ﾠGoddard ﾠEarth ﾠObserving ﾠSystem ﾠ(GEOS) ﾠwith ﾠ6-ﾭhour ﾠ 169 ﾠ
temporal ﾠresolution, ﾠ47 ﾠvertical ﾠlevels, ﾠand ﾠ0.5°x0.667° ﾠhorizontal ﾠresolution, ﾠregridded ﾠto ﾠ 170 ﾠ
2°x2.5° ﾠfor ﾠinput ﾠto ﾠGEOS-ﾭChem. ﾠWe ﾠinitialize ﾠthe ﾠmodel ﾠwith ﾠa ﾠone-ﾭyear ﾠspin-ﾭup ﾠfollowed ﾠby ﾠ 171 ﾠ
simulation ﾠof ﾠJanuary-ﾭMay ﾠ2008. ﾠ 172 ﾠ
 ﾠ 173 ﾠ
The ﾠGEOS-ﾭChem ﾠcoupled ﾠaerosol-ﾭoxidant ﾠsimulation ﾠwas ﾠoriginally ﾠdescribed ﾠby ﾠPark ﾠet ﾠal. ﾠ 174 ﾠ
(2004), ﾠbut ﾠthe ﾠpresent ﾠversion ﾠincludes ﾠa ﾠnumber ﾠof ﾠupdates. ﾠNH3 ﾠand ﾠSO2 ﾠemissions ﾠfor ﾠthe ﾠ 175 ﾠ
simulation ﾠperiod ﾠare ﾠcompiled ﾠin ﾠTable ﾠ1 ﾠand ﾠshown ﾠin ﾠFig. ﾠ1. ﾠDirect ﾠemission ﾠof ﾠanthropogenic ﾠ 176 ﾠ
sulfate ﾠis ﾠincluded ﾠas ﾠa ﾠsmall ﾠfraction ﾠof ﾠanthropogenic ﾠSO2 ﾠ(Chin ﾠet ﾠal., ﾠ2000) ﾠand ﾠis ﾠnot ﾠ 177 ﾠ
included ﾠin ﾠTable ﾠ1. ﾠOpen ﾠbiomass ﾠburning ﾠemissions ﾠare ﾠfrom ﾠthe ﾠFire ﾠLocation ﾠand ﾠMonitoring ﾠ 178 ﾠ
of ﾠBurning ﾠEmissions ﾠ(FLAMBE) ﾠinventory ﾠ(Reid ﾠet ﾠal., ﾠ2009), ﾠinjected ﾠinto ﾠthe ﾠlocal ﾠplanetary ﾠ 179 ﾠ
boundary ﾠlayer, ﾠwith ﾠSO2 ﾠand ﾠNH3 ﾠemissions ﾠscaled ﾠto ﾠcarbon ﾠemissions ﾠusing ﾠemission ﾠfactors ﾠ 180 ﾠ
from ﾠAndreae ﾠand ﾠMerlet ﾠ(2001). ﾠUnusually ﾠlarge ﾠRussian ﾠwildfires ﾠaffected ﾠthe ﾠNorth ﾠAmerican ﾠ 181 ﾠ
Arctic ﾠduring ﾠARCTAS/ARCPAC ﾠ(Warneke ﾠet ﾠal., ﾠ2009). ﾠFisher ﾠet ﾠal. ﾠ(2010) ﾠfound ﾠthat ﾠthe ﾠ 182 ﾠ
FLAMBE ﾠemissions ﾠfor ﾠCO ﾠneeded ﾠto ﾠbe ﾠreduced ﾠby ﾠ47% ﾠfor ﾠRussia ﾠand ﾠ55% ﾠfor ﾠSoutheast ﾠ 183 ﾠ ﾠ
Asia ﾠto ﾠmatch ﾠthe ﾠaircraft ﾠobservations ﾠand ﾠwe ﾠapply ﾠthe ﾠsame ﾠcorrections ﾠhere ﾠfor ﾠSO2 ﾠand ﾠNH3. ﾠ 184 ﾠ
We ﾠalso ﾠinclude ﾠSO2 ﾠemission ﾠfrom ﾠboth ﾠeruptive ﾠand ﾠnon-ﾭeruptive ﾠ(continuous ﾠdegassing) ﾠ 185 ﾠ
volcanism. ﾠIn ﾠwinter-ﾭspring ﾠ2008, ﾠsustained ﾠeruptive ﾠactivity ﾠwas ﾠrecorded ﾠat ﾠKarymsky ﾠand ﾠ 186 ﾠ
Shiveluch ﾠin ﾠKamchatka ﾠand ﾠCleveland ﾠin ﾠthe ﾠAleutian ﾠIslands. ﾠNon-ﾭeruptive ﾠactivity ﾠwas ﾠ 187 ﾠ
common ﾠthroughout ﾠour ﾠsimulation ﾠperiod ﾠat ﾠa ﾠnumber ﾠof ﾠvolcanoes ﾠin ﾠIceland, ﾠKamchatka, ﾠand ﾠ 188 ﾠ
the ﾠAleutian ﾠIslands. ﾠ 189 ﾠ
 ﾠ 190 ﾠ
Emitted ﾠSO2 ﾠis ﾠoxidized ﾠto ﾠsulfate ﾠby ﾠthe ﾠhydroxyl ﾠradical ﾠ(OH) ﾠin ﾠthe ﾠgas ﾠphase ﾠand ﾠby ﾠozone ﾠ 191 ﾠ
(O3) ﾠand ﾠhydrogen ﾠperoxide ﾠ(H2O2) ﾠin ﾠthe ﾠaqueous ﾠphase ﾠat ﾠtemperatures ﾠabove ﾠ258 ﾠK. ﾠUnlike ﾠin ﾠ 192 ﾠ
previous ﾠversions ﾠof ﾠthe ﾠmodel ﾠ(Park ﾠet ﾠal., ﾠ2004;; ﾠAlexander ﾠet ﾠal., ﾠ2009), ﾠcloud ﾠvolume ﾠfraction ﾠ 193 ﾠ
(used ﾠto ﾠdetermine ﾠwhere ﾠaqueous ﾠSO2 ﾠchemistry ﾠoccurs) ﾠand ﾠcloud ﾠliquid ﾠwater ﾠcontent ﾠ(used ﾠto ﾠ 194 ﾠ
compute ﾠthe ﾠaqueous ﾠSO2 ﾠchemistry ﾠreaction ﾠrates) ﾠare ﾠnow ﾠtaken ﾠdirectly ﾠfrom ﾠthe ﾠGEOS-ﾭ5 ﾠ 195 ﾠ
assimilated ﾠmeteorological ﾠfields ﾠfor ﾠeach ﾠgridbox. ﾠAmmonia ﾠand ﾠnitric ﾠacid ﾠare ﾠpartitioned ﾠ 196 ﾠ
between ﾠthe ﾠgas ﾠand ﾠthe ﾠsulfate-ﾭnitrate-ﾭammonium ﾠaerosol ﾠphases ﾠusing ﾠthe ﾠISORROPIA ﾠII ﾠ 197 ﾠ
thermodynamic ﾠequilibrium ﾠmodel ﾠ(Fountoukis ﾠand ﾠNenes, ﾠ2007). ﾠNitrate ﾠwas ﾠusually ﾠnegligible ﾠ 198 ﾠ
compared ﾠto ﾠsulfate ﾠin ﾠARCTAS/ARCPAC, ﾠboth ﾠin ﾠthe ﾠobservations ﾠand ﾠthe ﾠmodel, ﾠowing ﾠto ﾠthe ﾠ 199 ﾠ
general ﾠacidic ﾠnature ﾠof ﾠthe ﾠaerosol. ﾠWe ﾠdiscuss ﾠthe ﾠnitrate ﾠdata ﾠbriefly ﾠin ﾠSection ﾠ6. ﾠ 200 ﾠ
 ﾠ 201 ﾠ
Aerosol ﾠis ﾠremoved ﾠby ﾠdry ﾠand ﾠwet ﾠdeposition. ﾠDry ﾠdeposition ﾠin ﾠGEOS-ﾭChem ﾠfollows ﾠa ﾠ 202 ﾠ
resistance-ﾭin-ﾭseries ﾠscheme ﾠ(Wesely, ﾠ1989) ﾠoriginally ﾠdescribed ﾠby ﾠY. ﾠWang ﾠet ﾠal. ﾠ(1998). ﾠOver ﾠ 203 ﾠ
snow ﾠand ﾠice ﾠsurfaces, ﾠwe ﾠimpose ﾠan ﾠaerosol ﾠdry ﾠdeposition ﾠvelocity ﾠof ﾠ0.03 ﾠcm ﾠs
-ﾭ1 ﾠbased ﾠon ﾠ 204 ﾠ
eddy-ﾭcovariance ﾠflux ﾠmeasurements ﾠby ﾠNilsson ﾠand ﾠRannik ﾠ(2001) ﾠand ﾠconsistent ﾠwith ﾠearlier ﾠ 205 ﾠ
estimates ﾠ(Ibrahim ﾠet ﾠal., ﾠ1983;; ﾠDuan ﾠet ﾠal., ﾠ1988). ﾠWet ﾠdeposition ﾠin ﾠthe ﾠmodel ﾠis ﾠbased ﾠon ﾠthe ﾠ 206 ﾠ
scheme ﾠdescribed ﾠby ﾠLiu ﾠet ﾠal. ﾠ(2001) ﾠwith ﾠimproved ﾠrepresentation ﾠof ﾠscavenging ﾠby ﾠice ﾠclouds ﾠ 207 ﾠ
and ﾠsnow ﾠas ﾠdescribed ﾠby ﾠQ. ﾠWang ﾠet ﾠal. ﾠ(2011). ﾠWe ﾠassume ﾠ100% ﾠsulfate ﾠand ﾠammonium ﾠ 208 ﾠ
incorporation ﾠinto ﾠliquid ﾠcloud ﾠdroplets ﾠand ﾠrime ﾠice ﾠfor ﾠwarm ﾠand ﾠmixed-ﾭphase ﾠclouds ﾠ(T>258 ﾠ 209 ﾠ
K) ﾠand ﾠno ﾠincorporation ﾠinto ﾠice ﾠcrystals ﾠfor ﾠcold ﾠclouds ﾠ(T<258 ﾠK). ﾠWe ﾠalso ﾠuse ﾠa ﾠhigher ﾠbelow-ﾭ 210 ﾠ
cloud ﾠscavenging ﾠefficiency ﾠfor ﾠsnow ﾠthan ﾠfor ﾠrain ﾠ(Murakami ﾠet ﾠal., ﾠ1983). ﾠGaseous ﾠNH3 ﾠin ﾠthe ﾠ 211 ﾠ
model ﾠis ﾠefficiently ﾠscavenged ﾠby ﾠliquid ﾠprecipitation ﾠbut ﾠhas ﾠa ﾠretention ﾠefficiency ﾠof ﾠonly ﾠ0.05 ﾠ 212 ﾠ
upon ﾠriming ﾠ(which ﾠdrives ﾠprecipitation ﾠin ﾠmixed-ﾭphase ﾠclouds) ﾠand ﾠis ﾠnot ﾠscavenged ﾠat ﾠall ﾠin ﾠ 213 ﾠ
cold ﾠclouds ﾠ(J. ﾠWang ﾠet ﾠal., ﾠ2008a). ﾠA ﾠsensitivity ﾠstudy ﾠassuming ﾠcomplete ﾠscavenging ﾠof ﾠ 214 ﾠ ﾠ
gaseous ﾠNH3 ﾠin ﾠcold ﾠand ﾠmixed-ﾭphase ﾠclouds ﾠshowed ﾠno ﾠsignificant ﾠdifference ﾠin ﾠthe ﾠArctic ﾠ 215 ﾠ
relative ﾠto ﾠthe ﾠstandard ﾠsimulation ﾠbecause ﾠmost ﾠof ﾠthe ﾠtotal ﾠNHX ﾠ(ŁNH3+ ﾠNH4
+) ﾠin ﾠthe ﾠArctic ﾠis ﾠ 216 ﾠ
present ﾠas ﾠammonium. ﾠ 217 ﾠ
 ﾠ 218 ﾠ
3. ﾠTesting ﾠemission ﾠinventories ﾠwith ﾠwet ﾠdeposition ﾠflux ﾠdata ﾠ 219 ﾠ
SO2 ﾠand ﾠNH3 ﾠemissions ﾠin ﾠNorth ﾠAmerica, ﾠEurope, ﾠand ﾠEast ﾠAsia ﾠare ﾠpotential ﾠmajor ﾠsources ﾠof ﾠ 220 ﾠ
sulfate ﾠand ﾠammonium ﾠaerosol ﾠto ﾠthe ﾠArctic. ﾠThe ﾠcorresponding ﾠemission ﾠinventories ﾠused ﾠin ﾠthe ﾠ 221 ﾠ
model ﾠcan ﾠbe ﾠtested ﾠby ﾠcomparison ﾠwith ﾠwet ﾠdeposition ﾠflux ﾠdata ﾠover ﾠthese ﾠsource ﾠcontinents. ﾠ 222 ﾠ
Because ﾠmost ﾠof ﾠwhat ﾠis ﾠemitted ﾠis ﾠdeposited ﾠnear ﾠthe ﾠsource, ﾠwet ﾠdeposition ﾠdata ﾠprovide ﾠa ﾠ 223 ﾠ
better ﾠconstraint ﾠon ﾠemission ﾠthan ﾠconcentration ﾠdata. ﾠWhile ﾠthere ﾠare ﾠlarge ﾠuncertainties ﾠ 224 ﾠ
associated ﾠwith ﾠmodeled ﾠprecipitation ﾠ(Dentener ﾠet ﾠal., ﾠ2006;; ﾠStephens ﾠet ﾠal., ﾠ2010), ﾠwe ﾠexpect ﾠ 225 ﾠ
the ﾠeffect ﾠof ﾠprecipitation ﾠerrors ﾠto ﾠbe ﾠsmall ﾠsince ﾠwe ﾠconsider ﾠmonthly ﾠmean ﾠflux ﾠdata ﾠand ﾠ 226 ﾠ
continental-ﾭscale ﾠstatistics. ﾠWe ﾠused ﾠfor ﾠthis ﾠanalysis ﾠdata ﾠfrom ﾠthe ﾠensemble ﾠof ﾠsites ﾠof ﾠthe ﾠU.S. ﾠ 227 ﾠ
National ﾠAtmospheric ﾠDeposition ﾠProgram ﾠ(NADP;; ﾠNational ﾠAtmospheric ﾠDeposition ﾠProgram, ﾠ 228 ﾠ
2010), ﾠthe ﾠCooperative ﾠProgramme ﾠfor ﾠMonitoring ﾠand ﾠEvaluation ﾠof ﾠthe ﾠLong-ﾭrange ﾠ 229 ﾠ
Transmission ﾠof ﾠAir ﾠPollutants ﾠin ﾠEurope ﾠ(EMEP;; ﾠEMEP/CCC, ﾠ2010), ﾠand ﾠthe ﾠAcid ﾠDeposition ﾠ 230 ﾠ
Monitoring ﾠNetwork ﾠin ﾠEast ﾠAsia ﾠ(EANET;; ﾠhttp://www.eanet.cc/product/index.html). ﾠThe ﾠ 231 ﾠ
EANET ﾠnetwork ﾠincludes ﾠa ﾠlarge ﾠnumber ﾠof ﾠsites ﾠlabeled ﾠas ﾠurban, ﾠand ﾠthese ﾠwere ﾠexcluded ﾠfrom ﾠ 232 ﾠ
the ﾠcomparison ﾠas ﾠpotentially ﾠnon-ﾭrepresentative. ﾠ ﾠ 233 ﾠ
 ﾠ 234 ﾠ
Figure ﾠ2 ﾠcompares ﾠdistributions ﾠof ﾠobserved ﾠand ﾠmodeled ﾠsulfate ﾠand ﾠammonium ﾠwet ﾠdeposition ﾠ 235 ﾠ
fluxes ﾠin ﾠApril ﾠ2008, ﾠalong ﾠwith ﾠcorrelation ﾠcoefficients ﾠ(r) ﾠand ﾠnormalized ﾠmean ﾠbiases ﾠ(NMB ﾠ= ﾠ 236 ﾠ

100%u (Mi Oi)/ Oi i ¦
i ¦ > @ , ﾠwhere ﾠMi ﾠand ﾠOi ﾠare ﾠthe ﾠmodeled ﾠand ﾠobserved ﾠvalues, ﾠ 237 ﾠ
respectively, ﾠand ﾠthe ﾠsummation ﾠis ﾠover ﾠall ﾠsites). ﾠThe ﾠGEOS-ﾭChem ﾠsulfate ﾠsimulation ﾠshows ﾠ 238 ﾠ
good ﾠagreement ﾠwith ﾠdeposition ﾠobservations ﾠover ﾠthe ﾠU.S. ﾠ(r ﾠ= ﾠ0.72, ﾠNMB ﾠ= ﾠ+4.7%), ﾠconsistent ﾠ 239 ﾠ
with ﾠprior ﾠmodel ﾠevaluations ﾠfor ﾠthis ﾠregion ﾠ(Park ﾠet ﾠal., ﾠ2004;; ﾠLiao ﾠet ﾠal., ﾠ2007;; ﾠPye ﾠet ﾠal., ﾠ2009;; ﾠ 240 ﾠ
Drury ﾠet ﾠal., ﾠ2010). ﾠAmmonium ﾠdeposition ﾠover ﾠthe ﾠU.S. ﾠshows ﾠgood ﾠagreement ﾠwith ﾠNADP ﾠ 241 ﾠ
observations ﾠat ﾠlow ﾠvalues ﾠbut ﾠa ﾠlow ﾠbias ﾠfor ﾠdeposition ﾠgreater ﾠthan ﾠ0.5 ﾠkg ﾠNH4
+ ﾠha
-ﾭ1 ﾠ(r ﾠ= ﾠ0.73, ﾠ 242 ﾠ
NMB ﾠ= ﾠ-ﾭ40%). ﾠAs ﾠseen ﾠin ﾠFig. ﾠ2b, ﾠthis ﾠbias ﾠis ﾠdriven ﾠby ﾠthe ﾠagricultural ﾠupper ﾠMidwest ﾠwhere ﾠ 243 ﾠ
spring ﾠemissions ﾠare ﾠapparently ﾠunderestimated. ﾠBecause ﾠtransport ﾠfrom ﾠNorth ﾠAmerica ﾠto ﾠthe ﾠ 244 ﾠ
Arctic ﾠin ﾠspring ﾠis ﾠmostly ﾠfrom ﾠwarm ﾠconveyor ﾠbelts ﾠover ﾠthe ﾠU.S. ﾠeast ﾠcoast ﾠ(Stohl, ﾠ2006;; ﾠFisher ﾠ 245 ﾠ ﾠ
et ﾠal., ﾠ2010), ﾠwe ﾠexpects ﾠerrors ﾠover ﾠthe ﾠupper ﾠMidwest ﾠto ﾠhave ﾠlimited ﾠimpact ﾠon ﾠour ﾠArctic ﾠ 246 ﾠ
simulation. ﾠOver ﾠEurope, ﾠthe ﾠmodel-ﾭobservation ﾠagreement ﾠis ﾠbest ﾠat ﾠlow ﾠsulfate ﾠvalues, ﾠwith ﾠ 247 ﾠ
model ﾠunderestimates ﾠof ﾠhigh ﾠsulfate ﾠconcentrations ﾠobserved ﾠat ﾠa ﾠfew ﾠsites ﾠ(r ﾠ= ﾠ0.69, ﾠNMB ﾠ= ﾠ-ﾭ 248 ﾠ
14%). ﾠSimulated ﾠammonium ﾠdeposition ﾠover ﾠEurope ﾠagrees ﾠwell ﾠwith ﾠobservations ﾠ(r ﾠ= ﾠ0.61, ﾠ 249 ﾠ
NMB ﾠ= ﾠ+1.0%). ﾠWet ﾠdeposition ﾠover ﾠEast ﾠAsia ﾠis ﾠon ﾠaverage ﾠtoo ﾠlow ﾠin ﾠGEOS-ﾭChem ﾠfor ﾠboth ﾠ 250 ﾠ
sulfate ﾠ(r ﾠ= ﾠ0.85, ﾠNMB ﾠ= ﾠ-ﾭ40%) ﾠand ﾠammonium ﾠ(r ﾠ= ﾠ0.60, ﾠNMB ﾠ= ﾠ-ﾭ20%). ﾠThis ﾠbias ﾠis ﾠdriven ﾠby ﾠ 251 ﾠ
a ﾠfew ﾠsites ﾠwith ﾠextremely ﾠhigh ﾠdeposition ﾠvalues ﾠ(2-ﾭ3 ﾠkg ﾠNH4
+ ﾠha
-ﾭ1, ﾠ4-ﾭ17 ﾠkg ﾠSO4
2-ﾭ ﾠha
-ﾭ1), ﾠ 252 ﾠ
highlighted ﾠin ﾠwhite ﾠtrim ﾠin ﾠFig. ﾠ2. ﾠWhen ﾠthese ﾠsites ﾠare ﾠremoved ﾠfrom ﾠthe ﾠcomparisons ﾠthe ﾠNMB ﾠ 253 ﾠ
improves ﾠto ﾠ-ﾭ0.98% ﾠ(r ﾠ= ﾠ0.71) ﾠfor ﾠsulfate ﾠand ﾠ-ﾭ6.3% ﾠ(r ﾠ= ﾠ0.42) ﾠfor ﾠammonium. ﾠOverall, ﾠour ﾠSO2 ﾠ 254 ﾠ
and ﾠNH3 ﾠemission ﾠinventories ﾠappear ﾠunbiased ﾠexcept ﾠfor ﾠthe ﾠNH3 ﾠunderestimate ﾠin ﾠthe ﾠupper ﾠ 255 ﾠ
Midwest ﾠU.S. ﾠ 256 ﾠ
 ﾠ 257 ﾠ
In ﾠTable ﾠ2 ﾠwe ﾠdiagnose ﾠthe ﾠacidity ﾠof ﾠemissions ﾠoriginating ﾠfrom ﾠeach ﾠregion ﾠas ﾠthe ﾠNH3/SO2 ﾠ 258 ﾠ
emission ﾠratio ﾠand ﾠthe ﾠNH4
+/SO4
2-ﾭ ﾠwet ﾠdeposition ﾠflux ﾠratio. ﾠSome ﾠdifference ﾠbetween ﾠthese ﾠtwo ﾠ 259 ﾠ
measures ﾠof ﾠacidity ﾠis ﾠexpected ﾠbecause ﾠof ﾠdifferences ﾠin ﾠdry ﾠdeposition, ﾠwet ﾠscavenging ﾠ 260 ﾠ
efficiencies, ﾠand ﾠsource ﾠlocations ﾠfor ﾠSO2 ﾠand ﾠNH3. ﾠWe ﾠdo ﾠnot ﾠinclude ﾠNOx ﾠemissions ﾠand ﾠnitrate ﾠ 261 ﾠ
wet ﾠdeposition ﾠin ﾠthis ﾠanalysis ﾠsince ﾠnitrate ﾠdoes ﾠnot ﾠcontribute ﾠto ﾠaerosol ﾠacidity. ﾠUnlike ﾠsulfate, ﾠ 262 ﾠ
which ﾠcan ﾠexist ﾠin ﾠthe ﾠaerosol ﾠphase ﾠas ﾠsulfuric ﾠacid ﾠor ﾠbisulfate, ﾠnitrate ﾠonly ﾠpartitions ﾠto ﾠthe ﾠ 263 ﾠ
aerosol ﾠphase ﾠin ﾠthe ﾠpresence ﾠof ﾠsufficient ﾠammonia ﾠto ﾠproduce ﾠneutralized ﾠNH4NO3 ﾠwith ﾠno ﾠfree ﾠ 264 ﾠ
H
+ ﾠions. ﾠThe ﾠmodel ﾠemission ﾠratios ﾠin ﾠTable ﾠ2 ﾠindicate ﾠthat ﾠemissions ﾠin ﾠthe ﾠU.S. ﾠlead ﾠto ﾠhighly ﾠ 265 ﾠ
acidic ﾠaerosol, ﾠwhereas ﾠthey ﾠpromote ﾠfully ﾠneutralized ﾠaerosol ﾠin ﾠEurope ﾠand ﾠEast ﾠAsia, ﾠat ﾠleast ﾠ 266 ﾠ
on ﾠthe ﾠcontinental ﾠscale. ﾠWhile ﾠSO2 ﾠemissions ﾠin ﾠour ﾠinventory ﾠare ﾠsimilar ﾠin ﾠEurope ﾠand ﾠthe ﾠ 267 ﾠ
U.S., ﾠNH3 ﾠemissions ﾠare ﾠmuch ﾠlower ﾠin ﾠthe ﾠU.S. ﾠ(Table ﾠ1), ﾠconsistent ﾠwith ﾠrecent ﾠestimates ﾠ(Reis ﾠ 268 ﾠ
et ﾠal., ﾠ2009). ﾠThis ﾠdifference ﾠreflects ﾠhigher ﾠemissions ﾠassociated ﾠwith ﾠlivestock ﾠhousing, ﾠstorage, ﾠ 269 ﾠ
and ﾠgrazing ﾠin ﾠEurope ﾠ(Beusen ﾠet ﾠal., ﾠ2008). ﾠ 270 ﾠ
 ﾠ 271 ﾠ
The ﾠdifferences ﾠin ﾠemission ﾠratios ﾠare ﾠreflected ﾠin ﾠthe ﾠsimulated ﾠand ﾠobserved ﾠmolar ﾠNH4
+/SO4
2-ﾭ ﾠ 272 ﾠ
wet ﾠdeposition ﾠratios ﾠfor ﾠEurope ﾠand ﾠthe ﾠU.S. ﾠ(Table ﾠ2). ﾠOver ﾠEast ﾠAsia, ﾠwet ﾠdeposition ﾠat ﾠ 273 ﾠ
EANET ﾠsites ﾠappears ﾠmoderately ﾠacidic ﾠin ﾠboth ﾠthe ﾠobservations ﾠ([NH4
+]/2[SO4
2-ﾭ] ﾠ= ﾠ0.76) ﾠand ﾠ 274 ﾠ
the ﾠmodel ﾠ([NH4
+]/2[SO4
2-ﾭ] ﾠ= ﾠ0.87), ﾠwhereas ﾠthe ﾠcontinental ﾠemissions ﾠsuggest ﾠfull ﾠ 275 ﾠ
neutralization. ﾠThe ﾠEANET ﾠsites ﾠare ﾠnot, ﾠhowever, ﾠrepresentative ﾠof ﾠthe ﾠEast ﾠAsian ﾠregion ﾠas ﾠa ﾠ 276 ﾠ ﾠ
whole, ﾠin ﾠlarge ﾠpart ﾠbecause ﾠthere ﾠare ﾠno ﾠobservational ﾠsites ﾠover ﾠagricultural ﾠregions ﾠin ﾠIndia ﾠ 277 ﾠ
where ﾠthe ﾠNH3/SO2 ﾠemission ﾠratio ﾠis ﾠparticularly ﾠhigh ﾠ(Figure ﾠ1). ﾠGEOS-ﾭChem ﾠdeposition ﾠfluxes ﾠ 278 ﾠ
averaged ﾠover ﾠthe ﾠwhole ﾠregion ﾠshow ﾠaerosol ﾠdeposition ﾠto ﾠbe ﾠas ﾠneutralized ﾠas ﾠexpected ﾠfrom ﾠ 279 ﾠ
the ﾠemissions. ﾠThe ﾠNH4
+/SO4
2-ﾭ ﾠratios ﾠindicate ﾠmore ﾠacidic ﾠdeposition ﾠover ﾠNorth ﾠAmerica ﾠ 280 ﾠ
([NH4
+]/2[SO4
2-ﾭ] ﾠ= ﾠ0.76) ﾠthan ﾠover ﾠEurope ﾠ([NH4]
+/2[SO4
2-ﾭ] ﾠ= ﾠ1.4). ﾠObserved ﾠpH ﾠshows ﾠless ﾠ 281 ﾠ
regional ﾠvariation, ﾠwith ﾠaverage ﾠdeposition ﾠonly ﾠmarginally ﾠmore ﾠacidic ﾠover ﾠthe ﾠU.S. ﾠ(pH ﾠ= ﾠ 282 ﾠ
4.93) ﾠthan ﾠover ﾠEurope ﾠ(pH ﾠ= ﾠ5.02). ﾠThis ﾠis ﾠdue ﾠto ﾠhigher ﾠwet ﾠdeposition ﾠfluxes ﾠof ﾠnitrate ﾠ(from ﾠ 283 ﾠ
both ﾠaerosol ﾠnitrate ﾠand ﾠgas-ﾭphase ﾠnitric ﾠacid) ﾠover ﾠEurope. ﾠThe ﾠwet ﾠdeposition ﾠdata ﾠalso ﾠindicate ﾠ 284 ﾠ
partial ﾠneutralization ﾠby ﾠalkaline ﾠdust ﾠover ﾠall ﾠthree ﾠcontinents. ﾠAircraft ﾠobservations ﾠfrom ﾠ 285 ﾠ
ARCPAC ﾠindicate ﾠthat ﾠdust ﾠparticles ﾠin ﾠthe ﾠArctic ﾠare ﾠgenerally ﾠexternally ﾠmixed ﾠwith ﾠsulfate, ﾠ 286 ﾠ
with ﾠsulfate ﾠmostly ﾠin ﾠthe ﾠfine ﾠmode ﾠ(<0.7 ﾠȝPDQGGXVWPRVWO\LQWKHFRDUVHPRGH(Brock ﾠet ﾠal., ﾠ 287 ﾠ
2010). ﾠFurther, ﾠobservations ﾠof ﾠAsian ﾠoutflow ﾠfrom ﾠthe ﾠINTEX-ﾭB ﾠaircraft ﾠcampaign ﾠshow ﾠthe ﾠ 288 ﾠ
dominant ﾠsulfate ﾠcounterion ﾠto ﾠbe ﾠammonium, ﾠnot ﾠdust ﾠ(McNaughton ﾠet ﾠal., ﾠ2009;; ﾠFairlie ﾠet ﾠal., ﾠ 289 ﾠ
2010). ﾠWe ﾠthus ﾠexpect ﾠthat ﾠmid-ﾭlatitude ﾠdust ﾠwould ﾠnot ﾠneutralize ﾠthe ﾠacidity ﾠof ﾠthe ﾠsubmicron ﾠ 290 ﾠ
sulfate ﾠaerosol ﾠin ﾠthe ﾠArctic. ﾠ 291 ﾠ
 ﾠ 292 ﾠ
4. ﾠSimulation ﾠand ﾠsource ﾠattribution ﾠof ﾠArctic ﾠsulfate ﾠ 293 ﾠ
4.1 ﾠAircraft ﾠdata ﾠ 294 ﾠ
The ﾠNASA ﾠARCTAS ﾠcampaign ﾠ(1-ﾭ19 ﾠApril ﾠ2008) ﾠis ﾠdescribed ﾠin ﾠdetail ﾠby ﾠJacob ﾠet ﾠal. ﾠ(2010). ﾠ 295 ﾠ
We ﾠuse ﾠhere ﾠdata ﾠcollected ﾠonboard ﾠthe ﾠDC-ﾭ8 ﾠaircraft ﾠthat ﾠwas ﾠbased ﾠin ﾠFairbanks, ﾠAlaska ﾠand ﾠ 296 ﾠ
covered ﾠa ﾠlarge ﾠswath ﾠof ﾠthe ﾠNorth ﾠAmerican ﾠArctic ﾠover ﾠ74 ﾠflight ﾠhours. ﾠAll ﾠconcentrations ﾠare ﾠ 297 ﾠ
used ﾠat ﾠSTP ﾠconditions ﾠ(1 ﾠatm, ﾠ273 ﾠK). ﾠSpeciated ﾠaerosol ﾠcomposition ﾠdata ﾠwere ﾠobtained ﾠwith ﾠ 298 ﾠ
an ﾠAerosol ﾠMass ﾠSpectrometer ﾠ(AMS) ﾠ(Dunlea ﾠet ﾠal., ﾠ2009) ﾠmeasuring ﾠsubmicron ﾠaerosol ﾠmass ﾠ 299 ﾠ
and ﾠwith ﾠthe ﾠSAGA ﾠinstrumentation ﾠpackage ﾠ(Dibb ﾠet ﾠal., ﾠ2003) ﾠmeasuring ﾠfine ﾠaerosol ﾠsulfate ﾠ 300 ﾠ
ȝPusing ﾠa ﾠmist ﾠchamber/ion ﾠchromatograph ﾠ(MC/IC) ﾠand ﾠbulk ﾠsulfate, ﾠammonium, ﾠ 301 ﾠ
nitrate, ﾠcalcium, ﾠand ﾠsodium ﾠusing ﾠfilters ﾠanalyzed ﾠby ﾠion ﾠchromatography. ﾠSpeciated ﾠaerosol ﾠ 302 ﾠ
data ﾠwere ﾠalso ﾠcollected ﾠduring ﾠthe ﾠNOAA ﾠARCPAC ﾠcampaign ﾠ(3-ﾭ23 ﾠApril ﾠ2008) ﾠusing ﾠan ﾠAMS ﾠ 303 ﾠ
onboard ﾠthe ﾠWP-ﾭ3D ﾠaircraft ﾠalso ﾠbased ﾠin ﾠFairbanks, ﾠAlaska ﾠ(Brock ﾠet ﾠal., ﾠ2010). ﾠFlight ﾠtracks ﾠ 304 ﾠ
for ﾠARCTAS ﾠand ﾠARCPAC ﾠare ﾠshown ﾠin ﾠFig. ﾠ3. ﾠThe ﾠARCPAC ﾠflights ﾠcovered ﾠmuch ﾠless ﾠarea ﾠ 305 ﾠ
than ﾠARCTAS, ﾠspent ﾠmore ﾠtime ﾠin ﾠthe ﾠboundary ﾠlayer, ﾠand ﾠfrequently ﾠencountered ﾠplumes. ﾠ 306 ﾠ
 ﾠ 307 ﾠ ﾠ
For ﾠcomparison ﾠto ﾠthe ﾠaircraft ﾠdata, ﾠthe ﾠGEOS-ﾭChem ﾠsimulation ﾠis ﾠsampled ﾠalong ﾠthe ﾠflight ﾠtrack ﾠ 308 ﾠ
at ﾠthe ﾠtimes ﾠand ﾠlocations ﾠof ﾠthe ﾠaircraft ﾠobservations, ﾠaveraging ﾠover ﾠeither ﾠthe ﾠinstrument ﾠ 309 ﾠ
sampling ﾠtime ﾠor ﾠthe ﾠthree-ﾭdimensional ﾠmodel ﾠgrid ﾠand ﾠtime ﾠstep ﾠ(Section ﾠ2), ﾠwhichever ﾠis ﾠ 310 ﾠ
coarser. ﾠObservations ﾠoutside ﾠthe ﾠArctic ﾠregion ﾠ(south ﾠof ﾠ60°N) ﾠand ﾠthose ﾠfrom ﾠthe ﾠstratosphere ﾠ 311 ﾠ
(diagnosed ﾠas ﾠ[O3]/[CO] ﾠ> ﾠ1.25 ﾠmol ﾠmol
-ﾭ1;; ﾠHudman ﾠet ﾠal., ﾠ2008) ﾠare ﾠexcluded. ﾠData ﾠfrom ﾠthe ﾠfirst ﾠ 312 ﾠ
two ﾠARCTAS ﾠflights ﾠ(1 ﾠand ﾠ4 ﾠApril ﾠ2008) ﾠare ﾠalso ﾠexcluded ﾠdue ﾠto ﾠapparent ﾠproblems ﾠwith ﾠthe ﾠ 313 ﾠ
AMS ﾠinstrument. ﾠFine-ﾭstructure ﾠplumes ﾠare ﾠnot ﾠwell ﾠsimulated ﾠby ﾠEulerian ﾠCTMs ﾠdue ﾠto ﾠ 314 ﾠ
numerical ﾠdiffusion ﾠand ﾠdisplacement ﾠ(Rastigejev ﾠet ﾠal., ﾠ2010). ﾠWe ﾠthus ﾠexclude ﾠstrong ﾠbiomass ﾠ 315 ﾠ
burning ﾠplumes ﾠas ﾠdiagnosed ﾠby ﾠobserved ﾠacetonitrile ﾠ(CH3CN) ﾠin ﾠexcess ﾠof ﾠ225 ﾠpptv ﾠ(Heald ﾠet ﾠ 316 ﾠ
al., ﾠ2006;; ﾠHudman ﾠet ﾠal., ﾠ2007;; ﾠHudman ﾠet ﾠal., ﾠ2008), ﾠamounting ﾠto ﾠ3% ﾠof ﾠthe ﾠARCTAS ﾠdata ﾠand ﾠ 317 ﾠ
10% ﾠof ﾠthe ﾠARCPAC ﾠdata. ﾠWe ﾠuse ﾠa ﾠhigh ﾠCH3CN ﾠthreshold ﾠfor ﾠthis ﾠpurpose ﾠin ﾠorder ﾠto ﾠavoid ﾠ 318 ﾠ
removing ﾠbiomass ﾠburning ﾠcontributions ﾠto ﾠbackground ﾠaerosol ﾠconcentrations, ﾠwhich ﾠshould ﾠbe ﾠ 319 ﾠ
captured ﾠby ﾠthe ﾠCTM. ﾠWe ﾠalso ﾠexclude ﾠobservations ﾠlikely ﾠto ﾠbe ﾠcontaminated ﾠby ﾠlocal ﾠpollution ﾠ 320 ﾠ
in ﾠAlaska, ﾠdiagnosed ﾠas ﾠpoints ﾠbelow ﾠ4 ﾠkm ﾠaltitude ﾠand ﾠwithin ﾠ0.5° ﾠof ﾠFairbanks ﾠor ﾠthe ﾠPrudhoe ﾠ 321 ﾠ
Bay ﾠoil ﾠfield. ﾠThis ﾠfilter ﾠexcludes ﾠ20% ﾠof ﾠthe ﾠARCPAC ﾠdata ﾠand ﾠless ﾠthan ﾠ2% ﾠof ﾠthe ﾠARCTAS ﾠ 322 ﾠ
data. ﾠFinally, ﾠwe ﾠremove ﾠone ﾠmajor ﾠoutlier ﾠfrom ﾠeach ﾠcampaign ﾠwith ﾠsulfate ﾠin ﾠexcess ﾠof ﾠ60 ﾠnmol ﾠ 323 ﾠ
m
-ﾭ3 ﾠSTP. ﾠThese ﾠtwo ﾠoutliers ﾠrepresent ﾠsingularly ﾠlarge ﾠconcentrations ﾠfor ﾠwhich ﾠwe ﾠhave ﾠno ﾠ 324 ﾠ
explanation. ﾠ 325 ﾠ
 ﾠ 326 ﾠ
Sulfate ﾠin ﾠthe ﾠobservations ﾠincludes ﾠa ﾠcontribution ﾠfrom ﾠprimary ﾠsea ﾠsalt ﾠsulfate ﾠ(ssSO4
2-ﾭ) ﾠthat ﾠis ﾠ 327 ﾠ
not ﾠincluded ﾠin ﾠGEOS-ﾭChem. ﾠWe ﾠsubtract ﾠthis ﾠcontribution ﾠfrom ﾠthe ﾠSAGA ﾠfilter ﾠobservations ﾠ 328 ﾠ
by ﾠusing ﾠa ﾠsea ﾠsalt ﾠ[ssSO4
2-ﾭ]/[Na
+] ﾠmass ﾠratio ﾠof ﾠ0.252 ﾠ(Calhoun ﾠet ﾠal., ﾠ1991). ﾠPrimary ﾠsea ﾠsalt ﾠ 329 ﾠ
sulfate ﾠestimated ﾠin ﾠthis ﾠway ﾠaccounts ﾠfor ﾠonly ﾠa ﾠsmall ﾠfraction ﾠof ﾠtotal ﾠbulk ﾠsulfate ﾠ(1.5±2.9% ﾠon ﾠ 330 ﾠ
average) ﾠand ﾠpeaks ﾠin ﾠthe ﾠboundary ﾠlayer ﾠ(2.6±3.7% ﾠon ﾠaverage ﾠbelow ﾠ2 ﾠkm). ﾠNo ﾠsodium ﾠdata ﾠ 331 ﾠ
are ﾠavailable ﾠfrom ﾠthe ﾠAMS ﾠmeasurements, ﾠbut ﾠwe ﾠassume ﾠthe ﾠsea ﾠsalt ﾠcontribution ﾠto ﾠbe ﾠ 332 ﾠ
negligible. ﾠThis ﾠassumption ﾠis ﾠreasonable ﾠbecause ﾠsodium ﾠsulfate ﾠdoes ﾠnot ﾠvolatilize ﾠrapidly ﾠat ﾠ 333 ﾠ
the ﾠtemperatures ﾠused ﾠby ﾠthe ﾠAMS ﾠinstrument ﾠand ﾠbecause ﾠthese ﾠdata ﾠare ﾠonly ﾠfor ﾠsubmicron ﾠ 334 ﾠ
aerosol ﾠwhile ﾠsea ﾠsalt ﾠaerosol ﾠis ﾠmostly ﾠsupermicron. ﾠ 335 ﾠ
 ﾠ 336 ﾠ
We ﾠcompared ﾠthe ﾠthree ﾠARCTAS ﾠsulfate ﾠdatasets ﾠusing ﾠreduced ﾠmajor ﾠaxis ﾠregression ﾠ(Hirsch ﾠ 337 ﾠ
and ﾠGilroy, ﾠ1984). ﾠSubmicron ﾠsulfate ﾠmeasured ﾠby ﾠthe ﾠSAGA ﾠMC/IC ﾠand ﾠby ﾠthe ﾠAMS ﾠshow ﾠ 338 ﾠ ﾠ
good ﾠagreement ﾠ(r ﾠ= ﾠ0.88, ﾠslope ﾠ= ﾠ1.0). ﾠSAGA ﾠbulk ﾠsulfate ﾠfrom ﾠthe ﾠfilters ﾠgenerally ﾠagrees ﾠwell ﾠ 339 ﾠ
with ﾠthe ﾠsubmicron ﾠmeasurements ﾠ(AMS: ﾠr ﾠ= ﾠ0.80, ﾠslope ﾠ= ﾠ1.1;; ﾠSAGA ﾠMC/IC: ﾠr ﾠ= ﾠ0.77, ﾠslope ﾠ= ﾠ 340 ﾠ
1.1), ﾠexcept ﾠduring ﾠflights ﾠon ﾠ5 ﾠand ﾠ8 ﾠApril ﾠ2008 ﾠwhen ﾠbulk ﾠsulfate ﾠconcentrations ﾠfrom ﾠthe ﾠ 341 ﾠ
SAGA ﾠfilters ﾠwere ﾠtwo ﾠto ﾠthree ﾠtimes ﾠhigher ﾠthan ﾠmeasured ﾠby ﾠthe ﾠother ﾠinstruments ﾠ(AMS: ﾠ 342 ﾠ
slope ﾠ= ﾠ2.1;; ﾠSAGA ﾠMC/IC: ﾠslope ﾠ= ﾠ2.8). ﾠA ﾠlarge ﾠcontribution ﾠfrom ﾠsupermicron ﾠsulfate ﾠaerosol ﾠ 343 ﾠ
may ﾠarise ﾠfrom ﾠsulfate ﾠuptake ﾠon ﾠdust ﾠparticles ﾠ(Dibb ﾠet ﾠal., ﾠ2003);; ﾠhowever, ﾠthe ﾠdata ﾠfrom ﾠthose ﾠ 344 ﾠ
two ﾠflights ﾠwere ﾠnot ﾠcorrelated ﾠwith ﾠdust ﾠtracers. ﾠWe ﾠtherefore ﾠexclude ﾠsulfate ﾠobservations ﾠfrom ﾠ 345 ﾠ
these ﾠtwo ﾠflights ﾠfrom ﾠcomparisons ﾠwith ﾠGEOS-ﾭChem. ﾠFor ﾠall ﾠsubsequent ﾠARCTAS ﾠanalysis, ﾠwe ﾠ 346 ﾠ
use ﾠthe ﾠSAGA ﾠfilter ﾠobservations ﾠdue ﾠto ﾠthe ﾠsimilar ﾠinformation ﾠcontent ﾠof ﾠthe ﾠSAGA ﾠand ﾠAMS ﾠ 347 ﾠ
data. ﾠ 348 ﾠ
 ﾠ 349 ﾠ
Figure ﾠ4a ﾠshows ﾠscatterplots ﾠof ﾠmodeled ﾠversus ﾠobserved ﾠsulfate ﾠfor ﾠARCTAS ﾠand ﾠARCPAC. ﾠ 350 ﾠ
The ﾠmodel ﾠhas ﾠsome ﾠsuccess ﾠin ﾠreproducing ﾠthe ﾠvariability ﾠin ﾠthe ﾠARCTAS ﾠdata ﾠ(r ﾠ= ﾠ0.60), ﾠwith ﾠ 351 ﾠ
a ﾠmean ﾠmodel ﾠoverestimate ﾠof ﾠ+5.6% ﾠand ﾠmodel ﾠunderestimates ﾠat ﾠhigh ﾠsulfate ﾠconcentrations. ﾠ 352 ﾠ
Model ﾠrepresentation ﾠof ﾠvariability ﾠis ﾠmuch ﾠpoorer ﾠfor ﾠARCPAC ﾠ(r ﾠ= ﾠ0.28), ﾠalthough ﾠthe ﾠmean ﾠ 353 ﾠ
bias ﾠis ﾠagain ﾠsmall ﾠ(-ﾭ5.4%). ﾠThe ﾠsmall ﾠcluster ﾠof ﾠmodel ﾠpoints ﾠwith ﾠvalues ﾠin ﾠexcess ﾠof ﾠ30 ﾠnmol ﾠ 354 ﾠ
m
-ﾭ3 ﾠSTP ﾠreflects ﾠa ﾠmisplaced ﾠvolcanic ﾠplume;; ﾠwithout ﾠthese ﾠpoints ﾠthe ﾠcorrelation ﾠcoefficient ﾠ 355 ﾠ
increases ﾠto ﾠr ﾠ= ﾠ0.47. ﾠWe ﾠconducted ﾠmodel ﾠsensitivity ﾠsimulations ﾠto ﾠtry ﾠto ﾠunderstand ﾠthe ﾠpoor ﾠ 356 ﾠ
simulation ﾠof ﾠvariability ﾠin ﾠARCPAC ﾠbut ﾠcould ﾠnot ﾠrelate ﾠit ﾠto ﾠa ﾠspecific ﾠsource ﾠor ﾠconditions, ﾠ 357 ﾠ
and ﾠcould ﾠnot ﾠfind ﾠcorrections ﾠthat ﾠwould ﾠnot ﾠcompromise ﾠthe ﾠsimulation ﾠof ﾠARCTAS ﾠor ﾠsurface ﾠ 358 ﾠ
data. ﾠThe ﾠobservations ﾠdo ﾠnot ﾠappear ﾠbiased ﾠas ﾠthere ﾠwas ﾠinternal ﾠconsistency ﾠbetween ﾠthe ﾠ 359 ﾠ
physical, ﾠoptical ﾠand ﾠchemical ﾠmeasurements ﾠmade ﾠduring ﾠARCPAC ﾠ(Brock ﾠet ﾠal., ﾠ2010). ﾠOur ﾠ 360 ﾠ
best ﾠexplanation ﾠis ﾠthat ﾠthe ﾠsmall ﾠsampling ﾠdomain ﾠand ﾠtime ﾠspent ﾠin ﾠplumes ﾠduring ﾠARCPAC ﾠ 361 ﾠ
makes ﾠmodel ﾠsimulation ﾠof ﾠthe ﾠobserved ﾠvariability ﾠdifficult. ﾠThe ﾠARCTAS ﾠdata ﾠcover ﾠa ﾠmuch ﾠ 362 ﾠ
larger ﾠdomain ﾠand ﾠwe ﾠview ﾠthem ﾠas ﾠmore ﾠrepresentative. ﾠ 363 ﾠ
 ﾠ 364 ﾠ
Figure ﾠ5a ﾠshows ﾠthe ﾠmean ﾠvertical ﾠdistributions ﾠof ﾠobserved ﾠand ﾠmodeled ﾠsulfate ﾠconcentrations ﾠ 365 ﾠ
along ﾠthe ﾠaircraft ﾠflight ﾠtracks. ﾠModel ﾠvalues ﾠare ﾠdecomposed ﾠinto ﾠthe ﾠcontributions ﾠfrom ﾠ 366 ﾠ
individual ﾠsources ﾠand ﾠregions, ﾠas ﾠdiagnosed ﾠby ﾠa ﾠseries ﾠof ﾠsensitivity ﾠsimulations ﾠwith ﾠindividual ﾠ 367 ﾠ
sources ﾠshut ﾠoff ﾠeither ﾠglobally ﾠ(ships, ﾠbiomass ﾠburning, ﾠnatural ﾠsources) ﾠor ﾠfor ﾠeach ﾠregion ﾠ 368 ﾠ
shown ﾠin ﾠFig. ﾠ3 ﾠ(anthropogenic ﾠsources). ﾠThere ﾠis ﾠsome ﾠnonlinearity ﾠassociated ﾠwith ﾠtitration ﾠof ﾠ 369 ﾠ ﾠ
H2O2 ﾠin ﾠclouds ﾠ(Chin ﾠand ﾠJacob, ﾠ1996), ﾠthe ﾠeffects ﾠof ﾠwhich ﾠare ﾠincluded ﾠin ﾠthe ﾠrelatively ﾠsmall ﾠ 370 ﾠ
³RWKHU´WHUP:HILQGWKDWWKHUHLVOLWWOHPHDQYHUWLFDOJUDGLHQWRIVXOIDWHFRQFHQWUDWLRQVLQHLWKHU 371 ﾠ
the ﾠobservations ﾠor ﾠthe ﾠmodel, ﾠand ﾠthat ﾠa ﾠdiversity ﾠof ﾠsources ﾠcontribute ﾠto ﾠsulfate ﾠburdens ﾠin ﾠthe ﾠ 372 ﾠ
North ﾠAmerican ﾠArctic ﾠat ﾠall ﾠaltitudes. ﾠIndividual ﾠsource ﾠcontributions ﾠin ﾠthe ﾠmodel ﾠshow ﾠmuch ﾠ 373 ﾠ
more ﾠvertical ﾠstructure ﾠthan ﾠtotal ﾠsulfate. ﾠBelow ﾠ2 ﾠkm ﾠwe ﾠfind ﾠthat ﾠEast ﾠAsian, ﾠEuropean, ﾠand ﾠ 374 ﾠ
North ﾠAmerican ﾠanthropogenic ﾠsources ﾠhave ﾠcomparable ﾠinfluences, ﾠeach ﾠcontributing ﾠ10-ﾭ20% ﾠ 375 ﾠ
of ﾠmodeled ﾠsulfate. ﾠThe ﾠNorth ﾠAmerican ﾠinfluence ﾠis ﾠlimited ﾠto ﾠthe ﾠlower ﾠtroposphere, ﾠwhile ﾠ 376 ﾠ
European ﾠand ﾠEast ﾠAsian ﾠcontributions ﾠare ﾠsubstantial ﾠthroughout ﾠthe ﾠcolumn. ﾠAbove ﾠ2 ﾠkm, ﾠEast ﾠ 377 ﾠ
Asian ﾠemissions ﾠare ﾠdominant, ﾠalthough ﾠstill ﾠaccounting ﾠfor ﾠless ﾠthan ﾠhalf ﾠof ﾠthe ﾠmean ﾠtotal ﾠ 378 ﾠ
sulfate ﾠburden. ﾠNatural ﾠsources ﾠalso ﾠmake ﾠsubstantial ﾠcontributions ﾠto ﾠtotal ﾠsulfate. ﾠVolcanic ﾠ 379 ﾠ
sources ﾠaccount ﾠfor ﾠ12-ﾭ24% ﾠof ﾠthe ﾠmodeled ﾠsulfate ﾠat ﾠall ﾠaltitudes, ﾠwith ﾠpeak ﾠcontribution ﾠin ﾠthe ﾠ 380 ﾠ
mid-ﾭtroposphere. ﾠDimethyl ﾠsulfide ﾠ(DMS) ﾠoxidation ﾠis ﾠa ﾠmajor ﾠsource ﾠin ﾠthe ﾠlower ﾠtroposphere, ﾠ 381 ﾠ
responsible ﾠfor ﾠup ﾠto ﾠ25% ﾠof ﾠsulfate ﾠbelow ﾠ2 ﾠkm ﾠin ﾠthe ﾠaircraft ﾠflight ﾠdomain ﾠduring ﾠARCTAS ﾠ 382 ﾠ
and ﾠARCPAC. ﾠWe ﾠfind ﾠlittle ﾠcontributioQIURPRSHQEXUQLQJWRVXOIDWHDORQJWKHDLUFUDIW 383 ﾠ
flight ﾠtracks. ﾠRecent ﾠanalyses ﾠshow ﾠsulfate ﾠenhancements ﾠof ﾠup ﾠto ﾠ30% ﾠin ﾠbiomass ﾠburning ﾠ 384 ﾠ
plumes ﾠencountered ﾠduring ﾠboth ﾠARCPAC ﾠ(Warneke ﾠet ﾠal., ﾠ2010) ﾠand ﾠARCTAS ﾠ(Kondo ﾠet ﾠal., ﾠ 385 ﾠ
2011), ﾠsuggesting ﾠthat ﾠSO2 ﾠemissions ﾠfrom ﾠfires ﾠin ﾠRussia ﾠmay ﾠbe ﾠlarger ﾠthan ﾠassumed ﾠin ﾠcurrent ﾠ 386 ﾠ
inventories. ﾠEven ﾠwith ﾠincreased ﾠfire ﾠemissions, ﾠhowever, ﾠthe ﾠglobal ﾠSO2 ﾠsource ﾠwould ﾠstill ﾠbe ﾠ 387 ﾠ
dominated ﾠby ﾠanthropogenic ﾠemissions, ﾠand ﾠthe ﾠimpact ﾠof ﾠburning ﾠon ﾠArctic ﾠsulfate ﾠwould ﾠbe ﾠ 388 ﾠ
small. ﾠFurthermore, ﾠbecause ﾠAsian ﾠanthropogenic ﾠemissions ﾠand ﾠRussian ﾠfire ﾠemissions ﾠfollow ﾠ 389 ﾠ
similar ﾠpathways ﾠof ﾠuplift ﾠand ﾠtransport ﾠ(Fisher ﾠet ﾠal., ﾠ2010), ﾠmixing ﾠof ﾠanthropogenic ﾠsulfate ﾠ 390 ﾠ
with ﾠbiomass ﾠburning ﾠplumes ﾠen ﾠroute ﾠto ﾠthe ﾠArctic ﾠis ﾠlikely ﾠand ﾠmay ﾠexplain ﾠthe ﾠhigh ﾠobserved ﾠ 391 ﾠ
sulfate ﾠconcentrations ﾠin ﾠthese ﾠplumes. ﾠ ﾠ 392 ﾠ
 ﾠ 393 ﾠ
Roughly ﾠ10% ﾠof ﾠthe ﾠmodel ﾠsulfate ﾠalong ﾠthe ﾠflight ﾠtracks ﾠoriginates ﾠfrom ﾠemissions ﾠin ﾠWest ﾠAsia ﾠ 394 ﾠ
and ﾠSouthern ﾠSiberia ﾠ(hereafter ﾠabbreviatHGDV³:HVW$VLD´DVPRVWRIWKHHPLVVLRQVDUHLQWKDW 395 ﾠ
part ﾠof ﾠthe ﾠregion, ﾠsee ﾠFig. ﾠ1). ﾠThe ﾠregion ﾠincludes ﾠmajor ﾠindustrial ﾠareas ﾠand ﾠoil ﾠfields ﾠin ﾠ 396 ﾠ
southwestern ﾠRussia ﾠand ﾠKazakhstan ﾠand ﾠrepresents ﾠa ﾠsizable ﾠsource ﾠof ﾠSO2 ﾠthat ﾠhas ﾠlikely ﾠbeen ﾠ 397 ﾠ
growing ﾠin ﾠrecent ﾠyears ﾠbased ﾠon ﾠenergy ﾠand ﾠeconomic ﾠindicators ﾠ(Grammelis ﾠet ﾠal., ﾠ2006;; ﾠIEA ﾠ 398 ﾠ
Statistics, ﾠ2009). ﾠEmissions ﾠfrom ﾠthis ﾠsource ﾠare ﾠsubject ﾠto ﾠrapid ﾠand ﾠdirect ﾠtransport ﾠto ﾠthe ﾠArctic ﾠ 399 ﾠ ﾠ
around ﾠthe ﾠSiberian ﾠhigh ﾠpressure ﾠsystem ﾠ(Raatz ﾠand ﾠShaw, ﾠ1984), ﾠstill ﾠactive ﾠin ﾠApril ﾠduring ﾠthe ﾠ 400 ﾠ
ARCTAS/ARCPAC ﾠperiod ﾠ(Fuelberg ﾠet ﾠal., ﾠ2010). ﾠ 401 ﾠ
 ﾠ 402 ﾠ
Recent ﾠstudies ﾠhave ﾠsuggested ﾠa ﾠlarge ﾠinfluence ﾠon ﾠArctic ﾠsulfate ﾠfrom ﾠsmelters ﾠat ﾠNorilsk ﾠand ﾠ 403 ﾠ
the ﾠKola ﾠPeninsula ﾠ(Yamagata ﾠet ﾠal., ﾠ2009;; ﾠHirdman ﾠet ﾠal., ﾠ2010a;; ﾠHirdman ﾠet ﾠal., ﾠ2010b) ﾠon ﾠthe ﾠ 404 ﾠ
basis ﾠof ﾠbackward ﾠtrajectories ﾠand ﾠLagrangian ﾠparticle ﾠdispersion ﾠsimulations. ﾠIn ﾠour ﾠsimulation, ﾠ 405 ﾠ
these ﾠsources ﾠ(included ﾠin ﾠour ﾠEuropean ﾠArctic ﾠregion) ﾠprovide ﾠnegligible ﾠcontributions ﾠat ﾠall ﾠ 406 ﾠ
altitudes ﾠto ﾠobserved ﾠsulfate ﾠover ﾠthe ﾠNorth ﾠAmerican ﾠArctic. ﾠIndeed, ﾠthey ﾠcontribute ﾠless ﾠthan ﾠ 407 ﾠ
10% ﾠto ﾠmean ﾠconcentrations ﾠover ﾠthe ﾠHigh ﾠArctic ﾠ(>75°N), ﾠeven ﾠin ﾠsurface ﾠair ﾠin ﾠwinter. ﾠOur ﾠ 408 ﾠ
finding ﾠagrees ﾠwith ﾠanalyses ﾠfrom ﾠthe ﾠ1980s ﾠshowing ﾠon ﾠthe ﾠbasis ﾠof ﾠtrace ﾠelement ﾠsignatures ﾠ 409 ﾠ
that ﾠthe ﾠNorilsk ﾠsource ﾠhad ﾠno ﾠdiscernible ﾠimpact ﾠon ﾠsulfate ﾠat ﾠBarrow ﾠ(Rahn ﾠet ﾠal., ﾠ1983). ﾠSince ﾠ 410 ﾠ
that ﾠtime, ﾠemissions ﾠfrom ﾠNorilsk ﾠhave ﾠshown ﾠonly ﾠmodest ﾠgrowth, ﾠand ﾠthose ﾠfrom ﾠthe ﾠKola ﾠ 411 ﾠ
peninsula ﾠhave ﾠdecreased ﾠ(Boyd ﾠet ﾠal., ﾠ2009;; ﾠPrank ﾠet ﾠal., ﾠ2010). ﾠMore ﾠrecent ﾠevidence ﾠof ﾠlimited ﾠ 412 ﾠ
impact ﾠfrom ﾠnorthern ﾠRussian ﾠsources ﾠcomes ﾠfrom ﾠa ﾠstatistical ﾠanalysis ﾠof ﾠArctic ﾠsnow ﾠsamples ﾠ 413 ﾠ
by ﾠHegg ﾠet ﾠal. ﾠ(2010) ﾠshowing ﾠthat ﾠa ﾠpollution ﾠsource ﾠassociated ﾠwith ﾠhigh ﾠmetal ﾠloadings ﾠ 414 ﾠ
characteristic ﾠof ﾠsmelters ﾠwas ﾠresponsible ﾠfor ﾠless ﾠthan ﾠ20% ﾠof ﾠobserved ﾠsulfur. ﾠ 415 ﾠ
 ﾠ 416 ﾠ
4.2 ﾠSurface ﾠdata ﾠ 417 ﾠ
Surface ﾠaerosol ﾠdata ﾠprovide ﾠa ﾠseasonal ﾠcontext ﾠfor ﾠthe ﾠARCTAS ﾠand ﾠARCPAC ﾠresults. ﾠFigure ﾠ 418 ﾠ
6a ﾠshows ﾠmonthly ﾠmean ﾠJanuary-ﾭMay ﾠsulfate ﾠconcentrations ﾠat ﾠfour ﾠsurface ﾠsites: ﾠAlert, ﾠ 419 ﾠ
Zeppelin, ﾠBarrow, ﾠand ﾠDenali ﾠ(locations ﾠshown ﾠin ﾠFig. ﾠ3). ﾠObservations ﾠfor ﾠboth ﾠ2008 ﾠ(thin ﾠline) ﾠ 420 ﾠ
and ﾠthe ﾠ2004-ﾭ2008 ﾠfive-ﾭyear ﾠmean ﾠ(thick ﾠline) ﾠare ﾠshown;; ﾠthe ﾠ2008 ﾠdata ﾠare ﾠgenerally ﾠ 421 ﾠ
representative ﾠof ﾠthe ﾠfive-ﾭyear ﾠrecord. ﾠOther ﾠAlaskan ﾠsites ﾠfrom ﾠthe ﾠIMPROVE ﾠnetwork ﾠ(Malm ﾠ 422 ﾠ
et ﾠal., ﾠ1994) ﾠare ﾠnot ﾠshown ﾠas ﾠthey ﾠare ﾠlocated ﾠnear ﾠDenali ﾠand ﾠhave ﾠsimilar ﾠconcentrations. ﾠ 423 ﾠ
Sampling ﾠfrequency ﾠvaries ﾠby ﾠsite. ﾠAt ﾠAlert ﾠand ﾠZeppelin, ﾠsampling ﾠis ﾠcontinuous ﾠwith ﾠfilters ﾠ 424 ﾠ
changed ﾠdaily ﾠ(Zeppelin) ﾠor ﾠweekly ﾠ(Alert). ﾠAt ﾠDenali, ﾠ24-ﾭhr ﾠfilter ﾠsamples ﾠare ﾠcollected ﾠevery ﾠ 425 ﾠ
three ﾠdays. ﾠSampling ﾠtimes ﾠat ﾠBarrow ﾠvary ﾠby ﾠtime ﾠof ﾠyear, ﾠwith ﾠ24-ﾭhr ﾠsamples ﾠin ﾠwinter ﾠwhen ﾠ 426 ﾠ
aerosol ﾠconcentrations ﾠare ﾠhighest. ﾠThe ﾠBarrow ﾠdata ﾠare ﾠsubject ﾠto ﾠlarge ﾠdata ﾠgaps ﾠdue ﾠto ﾠboth ﾠ 427 ﾠ
occasional ﾠequipment ﾠmalfunction ﾠand ﾠsector-ﾭcontrolled ﾠsampling ﾠthat ﾠprevents ﾠcollection ﾠof ﾠ 428 ﾠ
aerosol ﾠcontaminated ﾠby ﾠsources ﾠin ﾠthe ﾠtown ﾠof ﾠBarrow. ﾠThese ﾠdata ﾠgaps, ﾠoften ﾠof ﾠa ﾠweek ﾠor ﾠ 429 ﾠ
more, ﾠmay ﾠintroduce ﾠbiases ﾠin ﾠthe ﾠmonthly ﾠmeans. ﾠIn ﾠ2008, ﾠ24-ﾭhr ﾠfilter ﾠsamples ﾠwere ﾠcollected ﾠ 430 ﾠ ﾠ
for ﾠ6 ﾠdays ﾠin ﾠJanuary, ﾠ7 ﾠin ﾠFebruary, ﾠ15 ﾠin ﾠMarch, ﾠ5 ﾠin ﾠApril, ﾠand ﾠ18 ﾠin ﾠMay. ﾠAlso ﾠshown ﾠin ﾠFig. ﾠ 431 ﾠ
6a ﾠare ﾠmodeled ﾠsulfate ﾠconcentrations ﾠat ﾠeach ﾠsite, ﾠdecomposed ﾠinto ﾠcontributions ﾠfrom ﾠvarious ﾠ 432 ﾠ
sources. ﾠFor ﾠcomparison ﾠto ﾠthe ﾠsurface ﾠdata, ﾠGEOS-ﾭChem ﾠis ﾠsampled ﾠin ﾠthe ﾠlowest ﾠmodel ﾠlevel ﾠ 433 ﾠ
of ﾠthe ﾠgrid ﾠbox ﾠcontaining ﾠthe ﾠsite. ﾠModeled ﾠmonthly ﾠmeans ﾠare ﾠcalculated ﾠbased ﾠon ﾠaverages ﾠ 434 ﾠ
over ﾠall ﾠdays ﾠin ﾠeach ﾠmonth ﾠ(not ﾠjust ﾠdays ﾠwith ﾠvalid ﾠsamples). ﾠ 435 ﾠ
 ﾠ 436 ﾠ
We ﾠfind ﾠthat ﾠthe ﾠsurface ﾠdata ﾠin ﾠApril ﾠ2008 ﾠare ﾠconsistent ﾠacross ﾠsites ﾠ(except ﾠfor ﾠBarrow) ﾠand ﾠ 437 ﾠ
with ﾠthe ﾠaircraft ﾠdata, ﾠwith ﾠmean ﾠconcentrations ﾠof ﾠ10-ﾭ14 ﾠnmol ﾠm
-ﾭ3 ﾠSTP. ﾠRelative ﾠto ﾠthe ﾠ2004-ﾭ 438 ﾠ
2008 ﾠmean, ﾠBarrow ﾠwas ﾠlower ﾠthan ﾠaverage ﾠin ﾠApril ﾠ2008 ﾠ(in ﾠcontrast ﾠto ﾠthe ﾠother ﾠsites), ﾠwhich ﾠ 439 ﾠ
could ﾠreflect ﾠeither ﾠa ﾠsampling ﾠbias ﾠor ﾠthe ﾠinfluence ﾠof ﾠsector-ﾭcontrolled ﾠsample ﾠcollection ﾠat ﾠ 440 ﾠ
Barrow. ﾠGEOS-ﾭChem ﾠhas ﾠmoderate ﾠbut ﾠnon-ﾭsystematic ﾠbiases ﾠrelative ﾠto ﾠApril ﾠ2008 ﾠ 441 ﾠ
observations ﾠat ﾠall ﾠsites ﾠand ﾠis ﾠclose ﾠto ﾠor ﾠwithin ﾠthe ﾠinterannual ﾠvariability ﾠof ﾠthe ﾠApril ﾠmeans. ﾠ 442 ﾠ
Model ﾠsource ﾠattribution ﾠin ﾠApril ﾠis ﾠsimilar ﾠto ﾠthat ﾠin ﾠthe ﾠlow-ﾭaltitude ﾠaircraft ﾠdata, ﾠwith ﾠlarge ﾠ 443 ﾠ
contributions ﾠfrom ﾠEast ﾠAsia, ﾠDMS ﾠoxidation, ﾠand ﾠvolcanism. ﾠLocal ﾠArctic ﾠsources ﾠsuch ﾠas ﾠ 444 ﾠ
Prudhoe ﾠBay, ﾠNorilsk, ﾠand ﾠthe ﾠKola ﾠPeninsula ﾠare ﾠimportant ﾠat ﾠBarrow ﾠand ﾠZeppelin, ﾠbut ﾠtheir ﾠ 445 ﾠ
influence ﾠdoes ﾠnot ﾠextend ﾠto ﾠother ﾠsites ﾠor ﾠto ﾠthe ﾠaircraft ﾠflight ﾠdomain. ﾠ 446 ﾠ
 ﾠ 447 ﾠ
Observations ﾠat ﾠthe ﾠHigh ﾠArctic ﾠsites ﾠ(Alert, ﾠZeppelin, ﾠBarrow) ﾠshow ﾠonly ﾠweak ﾠseasonal ﾠ 448 ﾠ
variation ﾠfrom ﾠwinter ﾠto ﾠspring, ﾠwhereas ﾠDenali ﾠis ﾠdistinctly ﾠlower ﾠin ﾠwinter. ﾠWe ﾠfind ﾠin ﾠthe ﾠ 449 ﾠ
model ﾠthat ﾠthe ﾠWest ﾠAsian ﾠsource ﾠis ﾠa ﾠmajor ﾠcontributor ﾠto ﾠwinter ﾠsulfate ﾠburdens ﾠat ﾠthe ﾠHigh ﾠ 450 ﾠ
Arctic ﾠsites ﾠ(30-ﾭ45%), ﾠin ﾠagreement ﾠwith ﾠback ﾠtrajectories ﾠfor ﾠblack ﾠcarbon ﾠat ﾠAlert ﾠand ﾠBarrow ﾠ 451 ﾠ
showing ﾠinfluence ﾠfrom ﾠthis ﾠregion ﾠ(Sharma ﾠet ﾠal., ﾠ2006). ﾠThis ﾠsource ﾠis ﾠmuch ﾠless ﾠimportant ﾠat ﾠ 452 ﾠ
Denali, ﾠwhich ﾠis ﾠgenerally ﾠsouth ﾠof ﾠthe ﾠArctic ﾠfront ﾠ(Barrie ﾠand ﾠHoff, ﾠ1984). ﾠOver ﾠEurasia, ﾠthe ﾠ 453 ﾠ
Arctic ﾠfront ﾠin ﾠwinter ﾠoften ﾠextends ﾠas ﾠfar ﾠsouth ﾠas ﾠ40°N ﾠ(Barrie ﾠand ﾠHoff, ﾠ1984;; ﾠStohl, ﾠ2006), ﾠ 454 ﾠ
thus ﾠencompassing ﾠthe ﾠsources ﾠin ﾠthe ﾠWest ﾠAsian ﾠregion. ﾠIsentropic ﾠtransport ﾠfrom ﾠthese ﾠsources ﾠ 455 ﾠ
to ﾠother ﾠregions ﾠwithin ﾠthe ﾠArctic ﾠfront ﾠis ﾠenhanced ﾠby ﾠblocking ﾠanticyclones ﾠassociated ﾠwith ﾠthe ﾠ 456 ﾠ
climatological ﾠSiberian ﾠhigh ﾠpressure ﾠsystem ﾠ(Raatz ﾠand ﾠShaw, ﾠ1984;; ﾠIversen ﾠand ﾠJoranger, ﾠ 457 ﾠ
1985) ﾠand ﾠby ﾠlimited ﾠprecipitation ﾠ(Barrie, ﾠ1986), ﾠwhile ﾠmixing ﾠacross ﾠthe ﾠArctic ﾠfront ﾠto ﾠareas ﾠ 458 ﾠ
further ﾠsouth ﾠis ﾠlimited. ﾠSouthward ﾠtransport ﾠtoward ﾠDenali ﾠis ﾠfurther ﾠinhibited ﾠby ﾠthe ﾠBrooks ﾠ 459 ﾠ
Range ﾠ(Quinn ﾠet ﾠal., ﾠ2002). ﾠ ﾠ 460 ﾠ
 ﾠ 461 ﾠ ﾠ
We ﾠfind ﾠthat ﾠWest ﾠAsian ﾠsources ﾠare ﾠfar ﾠmore ﾠimportant ﾠthan ﾠArctic ﾠsources ﾠin ﾠcontributing ﾠto ﾠ 462 ﾠ
sulfate ﾠconcentrations ﾠat ﾠthe ﾠArctic ﾠsites ﾠin ﾠwinter. ﾠThis ﾠis ﾠbecause ﾠthe ﾠlower ﾠlatitudes ﾠof ﾠthe ﾠWest ﾠ 463 ﾠ
Asian ﾠemissions ﾠenables ﾠthe ﾠSO2 ﾠemitted ﾠthere ﾠto ﾠbe ﾠoxidized ﾠto ﾠsulfate ﾠeven ﾠin ﾠwinter. ﾠBy ﾠ 464 ﾠ
contrast, ﾠoxidation ﾠof ﾠSO2 ﾠemitted ﾠfrom ﾠArctic ﾠsources ﾠ(such ﾠas ﾠNorilsk ﾠand ﾠPrudhoe ﾠBay) ﾠis ﾠ 465 ﾠ
restricted ﾠby ﾠdarkness ﾠand ﾠcold ﾠclouds, ﾠand ﾠwe ﾠfind ﾠthat ﾠmost ﾠof ﾠthat ﾠSO2 ﾠis ﾠdeposited ﾠrather ﾠthan ﾠ 466 ﾠ
oxidized ﾠwithin ﾠthe ﾠArctic. ﾠHeterogeneous ﾠSO2 ﾠoxidation ﾠmechanisms ﾠnot ﾠincluded ﾠin ﾠour ﾠmodel ﾠ 467 ﾠ
could ﾠpossibly ﾠcause ﾠa ﾠgreater ﾠinfluence ﾠfrom ﾠArctic ﾠsources ﾠ(Alexander ﾠet ﾠal., ﾠ2009), ﾠalthough ﾠ 468 ﾠ
wintertime ﾠsulfate ﾠwould ﾠthen ﾠbe ﾠoverestimated ﾠat ﾠZeppelin ﾠand ﾠBarrow ﾠ(not ﾠat ﾠAlert). ﾠ ﾠThe ﾠ 469 ﾠ
³RWKHU´FRPSRQHQWRIRXUVRXUFHDWWULEXWLRQUHIOHFWVLQSDUWWKHQRQOLQHDULW\RIWKH622-ﾭsulfate ﾠ 470 ﾠ
system ﾠunder ﾠoxidant-ﾭlimited ﾠconditions, ﾠas ﾠdiscussed ﾠabove, ﾠand ﾠis ﾠlargest ﾠin ﾠwinter ﾠwhen ﾠ 471 ﾠ
oxidant ﾠlimitation ﾠis ﾠmost ﾠsevere. ﾠThis ﾠcould ﾠalso ﾠcause ﾠsome ﾠunderestimate ﾠof ﾠour ﾠArctic ﾠsource ﾠ 472 ﾠ
contribution. ﾠ 473 ﾠ
 ﾠ 474 ﾠ
All ﾠfour ﾠsites ﾠin ﾠthe ﾠmodel ﾠindicate ﾠa ﾠsharp ﾠseasonal ﾠtransition ﾠin ﾠsource ﾠinfluence ﾠfrom ﾠwinter ﾠto ﾠ 475 ﾠ
spring, ﾠeven ﾠthough ﾠchanges ﾠin ﾠtotal ﾠsulfate ﾠconcentrations ﾠare ﾠrelatively ﾠsmall. ﾠIn ﾠApril, ﾠthe ﾠ 476 ﾠ
impact ﾠof ﾠWest ﾠAsian ﾠemissions ﾠdecreases ﾠdramatically ﾠat ﾠthe ﾠHigh ﾠArctic ﾠsites ﾠwhile ﾠthe ﾠ 477 ﾠ
contributions ﾠfrom ﾠEast ﾠAsia, ﾠNorth ﾠAmerica, ﾠlocal ﾠArctic ﾠsources, ﾠvolcanism, ﾠand ﾠDMS ﾠ 478 ﾠ
oxidation ﾠgrow. ﾠThis ﾠtransition ﾠreflects ﾠseveral ﾠprocesses ﾠassociated ﾠwith ﾠthe ﾠend ﾠof ﾠpolar ﾠnight, ﾠ 479 ﾠ
including ﾠthe ﾠdissipation ﾠof ﾠthe ﾠSiberian ﾠHigh ﾠ(Raatz ﾠand ﾠShaw, ﾠ1984), ﾠthe ﾠincrease ﾠin ﾠlocal ﾠ 480 ﾠ
oxidant ﾠlevels, ﾠthe ﾠincrease ﾠin ﾠbiogenic ﾠDMS ﾠemissions ﾠ(Quinn ﾠet ﾠal., ﾠ2007), ﾠand ﾠthe ﾠincreasing ﾠ 481 ﾠ
frequency ﾠof ﾠwarm ﾠconveyor ﾠbelt ﾠtransport ﾠof ﾠpollution ﾠfrom ﾠEast ﾠAsia ﾠto ﾠthe ﾠArctic ﾠ(Liu ﾠet ﾠal., ﾠ 482 ﾠ
2003). ﾠWithout ﾠthe ﾠWest ﾠAsian ﾠsource ﾠof ﾠSO2, ﾠwe ﾠfind ﾠin ﾠthe ﾠmodel ﾠthat ﾠsulfate ﾠconcentrations ﾠin ﾠ 483 ﾠ
the ﾠHigh ﾠArctic ﾠwould ﾠbe ﾠmuch ﾠlower ﾠin ﾠwinter ﾠthan ﾠin ﾠspring. ﾠ 484 ﾠ
 ﾠ 485 ﾠ
4.3 ﾠBudget ﾠfor ﾠthe ﾠHigh ﾠArctic ﾠ 486 ﾠ
We ﾠused ﾠGEOS-ﾭChem ﾠto ﾠconstruct ﾠa ﾠcircumpolar ﾠbudget ﾠof ﾠsulfate ﾠin ﾠthe ﾠHigh ﾠArctic ﾠ(75-ﾭ90°N), ﾠ 487 ﾠ
as ﾠshown ﾠin ﾠFig. ﾠ7. ﾠMean ﾠconcentrations ﾠin ﾠApril ﾠare ﾠup ﾠto ﾠ40% ﾠlower ﾠthan ﾠalong ﾠthe ﾠaircraft ﾠ 488 ﾠ
flight ﾠtracks, ﾠreflecting ﾠboth ﾠthe ﾠgreater ﾠremoteness ﾠand ﾠthe ﾠtargeting ﾠof ﾠplumes ﾠby ﾠthe ﾠaircraft. ﾠ 489 ﾠ
Relative ﾠcontributions ﾠfrom ﾠdifferent ﾠsources ﾠare ﾠsimilar, ﾠalthough ﾠthe ﾠEuropean ﾠcontribution ﾠis ﾠ 490 ﾠ
somewhat ﾠlarger ﾠin ﾠthe ﾠHigh ﾠArctic ﾠwhile ﾠthe ﾠNorth ﾠAmerican ﾠcontribution ﾠis ﾠsmaller. ﾠThe ﾠ 491 ﾠ ﾠ
contribution ﾠfrom ﾠsources ﾠin ﾠthe ﾠEuropean ﾠArctic ﾠ(mainly ﾠNorilsk ﾠand ﾠthe ﾠKola ﾠPeninsula) ﾠis ﾠalso ﾠ 492 ﾠ
somewhat ﾠlarger ﾠalthough ﾠstill ﾠvery ﾠsmall, ﾠespecially ﾠin ﾠthe ﾠfree ﾠtroposphere. ﾠ ﾠ 493 ﾠ
 ﾠ 494 ﾠ
In ﾠwinter, ﾠsulfate ﾠsources ﾠin ﾠthe ﾠHigh ﾠArctic ﾠare ﾠmore ﾠstratified ﾠthan ﾠin ﾠspring ﾠ(Fig. ﾠ7), ﾠreflecting ﾠ 495 ﾠ
the ﾠlack ﾠof ﾠvertical ﾠmixing. ﾠConsistent ﾠwith ﾠour ﾠsimulation ﾠof ﾠthe ﾠsurface ﾠsites, ﾠthe ﾠlow-ﾭaltitude ﾠ 496 ﾠ
winter ﾠsulfate ﾠbudget ﾠis ﾠdominated ﾠby ﾠWest ﾠAsian ﾠemissions ﾠ(32%) ﾠfollowed ﾠby ﾠEuropean ﾠ 497 ﾠ
emissions ﾠ(17%). ﾠNo ﾠother ﾠsource ﾠcontributes ﾠmore ﾠthan ﾠ10%. ﾠConcentrations ﾠin ﾠthe ﾠfree ﾠ 498 ﾠ
troposphere ﾠare ﾠmuch ﾠlower ﾠthan ﾠin ﾠthe ﾠboundary ﾠlayer ﾠdue ﾠlargely ﾠto ﾠlimited ﾠpoleward ﾠtransport ﾠ 499 ﾠ
from ﾠsources ﾠsouth ﾠof ﾠthe ﾠArctic ﾠfront ﾠin ﾠwinter. ﾠIn ﾠparticular, ﾠprevailing ﾠtransport ﾠfrom ﾠEast ﾠAsia ﾠ 500 ﾠ
in ﾠwinter ﾠis ﾠto ﾠthe ﾠsouth ﾠ(winter ﾠmonsoon) ﾠrather ﾠthan ﾠto ﾠthe ﾠnorth ﾠ(Liu ﾠet ﾠal., ﾠ2003). ﾠAbove ﾠ5 ﾠkm, ﾠ 501 ﾠ
the ﾠonly ﾠsubstantive ﾠcontributions ﾠto ﾠArctic ﾠsulfate ﾠare ﾠfrom ﾠEast ﾠAsia ﾠ(31%), ﾠvolcanism ﾠ(20%), ﾠ 502 ﾠ
and ﾠDMS ﾠoxidation ﾠ(15%). ﾠ 503 ﾠ
 ﾠ 504 ﾠ
Our ﾠsulfate ﾠsource ﾠattribution ﾠdisagrees ﾠin ﾠspring ﾠwith ﾠthe ﾠmulti-ﾭmodel ﾠintercomparison ﾠof ﾠ 505 ﾠ
Shindell ﾠet ﾠal. ﾠ(2008), ﾠwhich ﾠexamined ﾠthe ﾠrelative ﾠsensitivity ﾠof ﾠArctic ﾠsulfate ﾠto ﾠsources ﾠfrom ﾠ 506 ﾠ
North ﾠAmerica, ﾠEurope, ﾠEast ﾠAsia, ﾠand ﾠSoutheast ﾠAsia ﾠ(but ﾠdid ﾠnot ﾠconsider ﾠWest ﾠAsia). ﾠRather ﾠ 507 ﾠ
than ﾠquantify ﾠthe ﾠabsolute ﾠburdens ﾠassociated ﾠwith ﾠeach ﾠsource ﾠas ﾠwe ﾠhave ﾠdone ﾠhere, ﾠthe ﾠauthors ﾠ 508 ﾠ
calculated ﾠthe ﾠdecrease ﾠin ﾠArctic ﾠsulfate ﾠassociated ﾠwith ﾠa ﾠ20% ﾠdecrease ﾠin ﾠemissions ﾠfrom ﾠeach ﾠ 509 ﾠ
source ﾠregion. ﾠWhile ﾠboth ﾠapproaches ﾠare ﾠvalid, ﾠthe ﾠdifference ﾠin ﾠmethodology ﾠmeans ﾠthat ﾠour ﾠ 510 ﾠ
results ﾠcan ﾠbe ﾠcompared ﾠqualitatively ﾠbut ﾠnot ﾠquantitatively. ﾠIn ﾠcontrast ﾠto ﾠour ﾠfinding ﾠof ﾠsimilar ﾠ 511 ﾠ
contributions ﾠto ﾠArctic ﾠsurface ﾠsulfate ﾠfrom ﾠEurope ﾠand ﾠEast ﾠAsia, ﾠtheir ﾠmean ﾠcontribution ﾠfrom ﾠ 512 ﾠ
Europe ﾠwas ﾠmore ﾠthan ﾠthree ﾠtimes ﾠthat ﾠfrom ﾠEast ﾠAsia ﾠ(although ﾠwith ﾠa ﾠlarge ﾠspread ﾠbetween ﾠ 513 ﾠ
models;; ﾠShindell ﾠet ﾠal., ﾠ2008). ﾠThis ﾠis ﾠbecause ﾠour ﾠEuropean ﾠSO2 ﾠemissions ﾠ(7 ﾠTg ﾠS ﾠa
-ﾭ1 ﾠfor ﾠ2005) ﾠ 514 ﾠ
are ﾠmuch ﾠlower ﾠthan ﾠthose ﾠused ﾠin ﾠthe ﾠShindell ﾠet ﾠal. ﾠ(2008) ﾠmodels ﾠ(8-ﾭ25 ﾠTg ﾠS ﾠa
-ﾭ1 ﾠfor ﾠ2001, ﾠwith ﾠ 515 ﾠ
a ﾠmulti-ﾭmodel ﾠmean ﾠof ﾠ18 ﾠTg ﾠS ﾠa
-ﾭ1). ﾠSmith ﾠet ﾠal. ﾠ(2010) ﾠshow ﾠa ﾠreduction ﾠof ﾠonly ﾠ15-ﾭ20% ﾠin ﾠ 516 ﾠ
European ﾠSO2 ﾠemissions ﾠfrom ﾠ2000 ﾠto ﾠ2005, ﾠso ﾠthat ﾠcannot ﾠexplain ﾠthe ﾠdifference. ﾠSubstantially ﾠ 517 ﾠ
higher ﾠEuropean ﾠSO2 ﾠemissions ﾠin ﾠour ﾠsimulation ﾠwould ﾠcause ﾠan ﾠoverestimate ﾠof ﾠsulfate ﾠwet ﾠ 518 ﾠ
deposition ﾠin ﾠEurope ﾠ(Section ﾠ3) ﾠlarger ﾠthan ﾠthe ﾠ~30% ﾠattributable ﾠto ﾠdifferences ﾠin ﾠwet ﾠremoval ﾠ 519 ﾠ
mechanisms ﾠbetween ﾠmodels ﾠ(Dentener ﾠet ﾠal., ﾠ2006). ﾠ 520 ﾠ
 ﾠ 521 ﾠ
5. ﾠSimulation ﾠand ﾠsource ﾠattribution ﾠof ﾠArctic ﾠammonium ﾠ 522 ﾠ ﾠ
5.1 ﾠAircraft ﾠdata ﾠ 523 ﾠ
Ammonium ﾠwas ﾠmeasured ﾠduring ﾠARCTAS ﾠby ﾠboth ﾠthe ﾠAMS ﾠand ﾠthe ﾠSAGA ﾠfilters. ﾠ 524 ﾠ
Comparison ﾠof ﾠthese ﾠtwo ﾠdatasets ﾠshows ﾠa ﾠpersistent ﾠbias. ﾠThe ﾠtwo ﾠare ﾠwell ﾠcorrelated ﾠ(r ﾠ= ﾠ0.91), ﾠ 525 ﾠ
but ﾠthe ﾠAMS ﾠammonium ﾠis ﾠconsistently ﾠlower ﾠthan ﾠthe ﾠSAGA ﾠammonium, ﾠwith ﾠa ﾠnormalized ﾠ 526 ﾠ
mean ﾠdifference ﾠof ﾠ-ﾭ31%. ﾠConversion ﾠof ﾠgas-ﾭphase ﾠNH3 ﾠby ﾠacidic ﾠaerosols ﾠon ﾠthe ﾠfilters ﾠ 527 ﾠ
(especially ﾠbetween ﾠsampling ﾠand ﾠanalysis) ﾠmay ﾠexplain ﾠsome ﾠof ﾠthe ﾠAMS/SAGA ﾠdiscrepancy. ﾠ 528 ﾠ
We ﾠuse ﾠthe ﾠSAGA ﾠammonium ﾠobservations ﾠin ﾠwhat ﾠfollows ﾠas ﾠthey ﾠagree ﾠbetter ﾠwith ﾠthe ﾠ 529 ﾠ
concentrations ﾠobserved ﾠduring ﾠARCPAC, ﾠalthough ﾠsome ﾠdifference ﾠmight ﾠbe ﾠexpected ﾠdue ﾠto ﾠ 530 ﾠ
location ﾠdifferences ﾠbetween ﾠthe ﾠtwo ﾠaircraft. ﾠUsing ﾠthe ﾠAMS ﾠobservations ﾠinstead ﾠof ﾠSAGA ﾠ 531 ﾠ
would ﾠdecrease ﾠobserved ﾠARCTAS ﾠammonium ﾠconcentrations ﾠby ﾠ30% ﾠrelative ﾠto ﾠthe ﾠvalues ﾠ 532 ﾠ
reported ﾠhere ﾠbut ﾠwould ﾠnot ﾠotherwise ﾠaffect ﾠour ﾠconclusions. ﾠAs ﾠfor ﾠsulfate ﾠ(Section ﾠ4.1), ﾠthe ﾠ 533 ﾠ
data ﾠhave ﾠbeen ﾠfiltered ﾠto ﾠexclude ﾠstratospheric ﾠobservations, ﾠbiomass ﾠburning ﾠplumes, ﾠlocal ﾠ 534 ﾠ
pollution, ﾠand ﾠmajor ﾠoutliers. ﾠFor ﾠammonium, ﾠoutliers ﾠ(defined ﾠby ﾠ[NH4
+] ﾠ> ﾠ60 ﾠnmol ﾠm
-ﾭ3 ﾠSTP) ﾠ 535 ﾠ
include ﾠthree ﾠdata ﾠpoints ﾠduring ﾠARCTAS ﾠand ﾠsix ﾠduring ﾠARCPAC. ﾠWe ﾠattribute ﾠmodel ﾠ 536 ﾠ
ammonium ﾠto ﾠindividual ﾠsources ﾠby ﾠconducting ﾠsensitivity ﾠsimulations ﾠwhere ﾠwe ﾠshut ﾠoff ﾠNH3 ﾠ 537 ﾠ
emissions ﾠfrom ﾠeach ﾠsource ﾠwhile ﾠleaving ﾠSO2 ﾠemissions ﾠunchanged ﾠto ﾠprevent ﾠnonlinearities ﾠ 538 ﾠ
associated ﾠwith ﾠsulfate ﾠavailability. ﾠ 539 ﾠ
 ﾠ 540 ﾠ
Figures ﾠ4b ﾠand ﾠ5b ﾠshow ﾠthat ﾠGEOS-ﾭChem ﾠreproduces ﾠboth ﾠthe ﾠmean ﾠvertical ﾠstructure ﾠand ﾠmuch ﾠ 541 ﾠ
of ﾠthe ﾠvariability ﾠof ﾠammonium ﾠin ﾠthe ﾠARCTAS ﾠobservations ﾠ(r ﾠ= ﾠ0.64, ﾠNMB ﾠ= ﾠ-ﾭ4.8%). ﾠ 542 ﾠ
Simulation ﾠof ﾠammonium ﾠduring ﾠARCPAC ﾠindicates ﾠsubstantial ﾠmodel ﾠunderestimates, ﾠ 543 ﾠ
especially ﾠbelow ﾠ5 ﾠkm, ﾠas ﾠpreviously ﾠfound ﾠfor ﾠsulfate ﾠ(Section ﾠ4.1), ﾠwith ﾠr ﾠ= ﾠ0.43 ﾠand ﾠNMB ﾠ= ﾠ-ﾭ 544 ﾠ
19%. ﾠAs ﾠfor ﾠsulfate, ﾠwe ﾠcannot ﾠresolve ﾠthe ﾠdiscrepancy ﾠbetween ﾠGEOS-ﾭChem ﾠand ﾠARCPAC ﾠin ﾠa ﾠ 545 ﾠ
manner ﾠconsistent ﾠwith ﾠthe ﾠother ﾠdata ﾠsets, ﾠand ﾠwe ﾠview ﾠthe ﾠARCTAS ﾠdata ﾠas ﾠmore ﾠ 546 ﾠ
representative ﾠof ﾠthe ﾠNorth ﾠAmerican ﾠArctic. ﾠ 547 ﾠ
 ﾠ 548 ﾠ
Vertical ﾠdistributions ﾠshown ﾠin ﾠFig. ﾠ5b ﾠindicate ﾠpeak ﾠammonium ﾠconcentrations ﾠin ﾠthe ﾠmid-ﾭ 549 ﾠ
troposphere ﾠand ﾠdepletion ﾠin ﾠthe ﾠboundary ﾠlayer, ﾠwith ﾠa ﾠlarger ﾠvertical ﾠgradient ﾠthan ﾠfor ﾠsulfate. ﾠ 550 ﾠ
Because ﾠthe ﾠaerosol, ﾠin ﾠgeneral, ﾠwas ﾠacidic ﾠ(Section ﾠ6), ﾠammonium ﾠcan ﾠbe ﾠregarded ﾠas ﾠ 551 ﾠ
representing ﾠtotal ﾠammonia;; ﾠgaseous ﾠammonia ﾠwas ﾠnot ﾠmeasured ﾠon ﾠthe ﾠaircraft ﾠbut ﾠshould ﾠbe ﾠ 552 ﾠ
negligible ﾠbased ﾠon ﾠthermodynamics ﾠ(Seinfeld ﾠand ﾠPandis, ﾠ2006). ﾠIn ﾠthe ﾠfree ﾠtroposphere, ﾠthe ﾠ 553 ﾠ ﾠ
source ﾠinfluences ﾠfor ﾠammonium ﾠare ﾠless ﾠcomplex ﾠthan ﾠfor ﾠsulfate, ﾠwith ﾠmore ﾠthan ﾠ80% ﾠof ﾠArctic ﾠ 554 ﾠ
ammonium ﾠoriginating ﾠfrom ﾠthree ﾠsources: ﾠEast ﾠAsian ﾠanthropogenic, ﾠEuropean ﾠanthropogenic, ﾠ 555 ﾠ
and ﾠbiomass ﾠburning. ﾠThe ﾠanthropogenic ﾠsource ﾠis ﾠmainly ﾠfrom ﾠagriculture. ﾠEast ﾠAsia ﾠis ﾠthe ﾠ 556 ﾠ
largest ﾠsource, ﾠaccounting ﾠfor ﾠ35-ﾭ45% ﾠof ﾠmodeled ﾠammonium. ﾠBiomass ﾠburning ﾠis ﾠresponsible ﾠ 557 ﾠ
for ﾠ20-ﾭ25%, ﾠwhich ﾠreflects ﾠthe ﾠunusually ﾠintense ﾠRussian ﾠfire ﾠactivity ﾠin ﾠApril ﾠ2008 ﾠ(Warneke ﾠet ﾠ 558 ﾠ
al., ﾠ2009;; ﾠFisher ﾠet ﾠal., ﾠ2010;; ﾠWarneke ﾠet ﾠal., ﾠ2010). ﾠBelow ﾠ2 ﾠkm, ﾠthe ﾠNorth ﾠAmerican ﾠ 559 ﾠ
anthropogenic ﾠand ﾠthe ﾠnatural ﾠcontribution ﾠbecome ﾠcomparable ﾠto ﾠthe ﾠEast ﾠAsian ﾠand ﾠEuropean ﾠ 560 ﾠ
influences, ﾠsimilarly ﾠto ﾠsulfate. ﾠThe ﾠlarger ﾠgradient ﾠbetween ﾠthe ﾠboundary ﾠlayer ﾠand ﾠthe ﾠfree ﾠ 561 ﾠ
troposphere ﾠfor ﾠammonium ﾠreflects ﾠthe ﾠgreater ﾠrelative ﾠcontributions ﾠof ﾠEast ﾠAsian ﾠand ﾠbiomass ﾠ 562 ﾠ
burning ﾠsources, ﾠwhich ﾠare ﾠmainly ﾠtransported ﾠto ﾠthe ﾠArctic ﾠin ﾠthe ﾠfree ﾠtroposphere ﾠfollowing ﾠ 563 ﾠ
lifting ﾠby ﾠwarm ﾠconveyor ﾠbelts ﾠ(Stohl, ﾠ2006;; ﾠFisher ﾠet ﾠal., ﾠ2010). ﾠ 564 ﾠ
 ﾠ 565 ﾠ
5.2 ﾠSurface ﾠdata ﾠ 566 ﾠ
Ammonium ﾠdata ﾠfrom ﾠsurface ﾠsites ﾠ(Fig. ﾠ6b) ﾠprovide ﾠseasonal ﾠcontext ﾠfor ﾠthe ﾠaircraft ﾠdata ﾠas ﾠfor ﾠ 567 ﾠ
sulfate. ﾠThere ﾠis ﾠa ﾠtendency ﾠfor ﾠhigher ﾠvalues ﾠin ﾠspring ﾠthan ﾠwinter ﾠbut ﾠinterannual ﾠvariability ﾠis ﾠ 568 ﾠ
large. ﾠThe ﾠmodel ﾠtends ﾠto ﾠoverestimate ﾠobservations ﾠin ﾠwinter ﾠand ﾠthis ﾠappears ﾠdriven ﾠby ﾠthe ﾠ 569 ﾠ
natural ﾠsource. ﾠThe ﾠGEIA ﾠnatural ﾠNH3 ﾠsource ﾠused ﾠin ﾠGEOS-ﾭChem, ﾠoriginally ﾠdescribed ﾠby ﾠ 570 ﾠ
Bouwman ﾠet ﾠal. ﾠ(1997), ﾠincludes ﾠboth ﾠoceanic ﾠand ﾠcontinental ﾠ(soil ﾠand ﾠcrop ﾠdecomposition) ﾠ 571 ﾠ
emissions. ﾠThe ﾠcontinental ﾠsource ﾠis ﾠdominant ﾠat ﾠmid-ﾭlatitudes ﾠbut ﾠthere ﾠis ﾠa ﾠnon-ﾭnegligible ﾠ 572 ﾠ
ocean ﾠsource ﾠin ﾠthe ﾠArctic ﾠincluding ﾠin ﾠparticular ﾠwintertime ﾠemission ﾠfrom ﾠsome ﾠareas ﾠnormally ﾠ 573 ﾠ
covered ﾠby ﾠsea ﾠice. ﾠIt ﾠappears ﾠlikely ﾠthat ﾠthe ﾠGEIA ﾠinventory ﾠoverestimates ﾠoceanic ﾠNH3 ﾠ 574 ﾠ
emissions ﾠin ﾠthe ﾠArctic ﾠin ﾠwinter ﾠand ﾠthat ﾠthis ﾠis ﾠthe ﾠcause ﾠfor ﾠthe ﾠmodel ﾠammonium ﾠ 575 ﾠ
overestimates ﾠat ﾠBarrow ﾠand ﾠZeppelin. ﾠ 576 ﾠ
 ﾠ 577 ﾠ
We ﾠfind ﾠin ﾠthe ﾠmodel ﾠthat ﾠanthropogenic ﾠsources ﾠin ﾠEurope ﾠand ﾠWest ﾠAsia ﾠeach ﾠcontribute ﾠ20-ﾭ 578 ﾠ
30% ﾠof ﾠwinter ﾠammonium ﾠat ﾠArctic ﾠsurface ﾠsites, ﾠeven ﾠthough ﾠEurope ﾠis ﾠa ﾠmuch ﾠlarger ﾠsource ﾠof ﾠ 579 ﾠ
NH3 ﾠthan ﾠWest ﾠAsia ﾠ(Fig. ﾠ1b, ﾠTable ﾠ1). ﾠThis ﾠis ﾠbecause ﾠWest ﾠAsian ﾠair ﾠmasses ﾠare ﾠmore ﾠreadily ﾠ 580 ﾠ
transported ﾠto ﾠthe ﾠArctic ﾠaround ﾠthe ﾠSiberian ﾠHigh, ﾠas ﾠdiscussed ﾠpreviously ﾠfor ﾠsulfate. ﾠIn ﾠ 581 ﾠ
addition, ﾠa ﾠgreater ﾠfraction ﾠof ﾠNH3 ﾠemitted ﾠfrom ﾠEurope ﾠremains ﾠas ﾠgaseous ﾠNH3 ﾠbecause ﾠof ﾠthe ﾠ 582 ﾠ
high ﾠNH3/SO2 ﾠemission ﾠratio ﾠ(Table ﾠ2) ﾠand ﾠis ﾠtherefore ﾠeffectively ﾠdry ﾠdeposited ﾠ(unlike ﾠthe ﾠ 583 ﾠ
aerosol ﾠammonium ﾠcomponent) ﾠduring ﾠtransport ﾠto ﾠthe ﾠArctic. ﾠ 584 ﾠ ﾠ
 ﾠ 585 ﾠ
The ﾠwinter-ﾭspring ﾠtransition ﾠin ﾠammonium ﾠsource ﾠcontributions ﾠin ﾠthe ﾠmodel ﾠis ﾠsimilar ﾠto ﾠthat ﾠfor ﾠ 586 ﾠ
sulfate. ﾠDissipation ﾠof ﾠthe ﾠpolar ﾠfront ﾠincreases ﾠthe ﾠinfluence ﾠfrom ﾠEast ﾠAsia ﾠand ﾠsuppresses ﾠthe ﾠ 587 ﾠ
influence ﾠfrom ﾠWest ﾠAsia. ﾠFor ﾠammonium, ﾠthe ﾠtransition ﾠis ﾠamplified ﾠby ﾠincreased ﾠspringtime ﾠ 588 ﾠ
agricultural ﾠemissions ﾠand ﾠbiomass ﾠburning, ﾠwhereas ﾠin ﾠthe ﾠcase ﾠof ﾠsulfate ﾠit ﾠwas ﾠamplified ﾠby ﾠ 589 ﾠ
increased ﾠoxidant ﾠavailability ﾠand ﾠoceanic ﾠbiological ﾠactivity. ﾠ 590 ﾠ
 ﾠ 591 ﾠ
5.3 ﾠBudget ﾠfor ﾠthe ﾠHigh ﾠArctic ﾠ 592 ﾠ
Our ﾠmodel ﾠbudget ﾠfor ﾠammonium ﾠin ﾠthe ﾠHigh ﾠArctic ﾠin ﾠApril ﾠ2008 ﾠ(Fig. ﾠ7b) ﾠshows ﾠsource ﾠ 593 ﾠ
contributions ﾠconsistent ﾠwith ﾠthose ﾠderived ﾠfrom ﾠthe ﾠaircraft ﾠcampaigns. ﾠEast ﾠAsian ﾠand ﾠ 594 ﾠ
European ﾠanthropogenic ﾠemissions ﾠcontribute ﾠsimilarly ﾠat ﾠall ﾠaltitudes, ﾠwith ﾠadditional ﾠ 595 ﾠ
contributions ﾠfrom ﾠbiomass ﾠburning ﾠand ﾠnatural ﾠsources. ﾠThe ﾠEuropean ﾠinfluence ﾠpeaks ﾠin ﾠthe ﾠ 596 ﾠ
Eurasian ﾠsector ﾠof ﾠthe ﾠArctic ﾠbeyond ﾠthe ﾠflight ﾠdomain ﾠof ﾠthe ﾠARCTAS ﾠand ﾠARCPAC ﾠaircraft, ﾠ 597 ﾠ
explaining ﾠthe ﾠlarger ﾠcontribution ﾠfrom ﾠEuropean ﾠemissions ﾠto ﾠammonium ﾠin ﾠthe ﾠHigh ﾠArctic ﾠ 598 ﾠ
(25-ﾭ35%) ﾠthan ﾠduring ﾠthe ﾠaircraft ﾠcampaigns ﾠ(15-ﾭ20%). ﾠThe ﾠspatial ﾠheterogeneity ﾠof ﾠthe ﾠ 599 ﾠ
European ﾠinfluence ﾠin ﾠspring ﾠwas ﾠalso ﾠseen ﾠin ﾠsimulation ﾠof ﾠthe ﾠsurface ﾠsites ﾠ(Fig. ﾠ6), ﾠwhich ﾠ 600 ﾠ
showed ﾠmore ﾠEuropean ﾠammonium ﾠat ﾠZeppelin ﾠ(25%) ﾠthan ﾠBarrow ﾠ(10%). ﾠThere ﾠis ﾠless ﾠ 601 ﾠ
variation ﾠin ﾠthe ﾠEast ﾠAsian ﾠinfluence, ﾠwhich ﾠpeaks ﾠin ﾠthe ﾠfree ﾠtroposphere ﾠfor ﾠboth ﾠthe ﾠaircraft ﾠ 602 ﾠ
campaigns ﾠand ﾠthe ﾠHigh ﾠArctic ﾠdomain. ﾠ ﾠ 603 ﾠ
 ﾠ 604 ﾠ
As ﾠfor ﾠsulfate, ﾠammonium ﾠis ﾠmore ﾠstratified ﾠin ﾠwinter ﾠthan ﾠspring, ﾠwith ﾠconcentrations ﾠmore ﾠthan ﾠ 605 ﾠ
two ﾠtimes ﾠhigher ﾠbelow ﾠ2 ﾠkm ﾠthan ﾠabove. ﾠConsistent ﾠwith ﾠsimulation ﾠof ﾠthe ﾠsurface ﾠsites, ﾠthe ﾠ 606 ﾠ
low-ﾭaltitude ﾠwinter ﾠammonium ﾠbudget ﾠreflects ﾠdominant ﾠcontributions ﾠfrom ﾠEuropean, ﾠWest ﾠ 607 ﾠ
Asian, ﾠand ﾠnatural ﾠsources, ﾠalthough ﾠthe ﾠocean ﾠcomponent ﾠof ﾠthe ﾠnatural ﾠsource ﾠis ﾠprobably ﾠtoo ﾠ 608 ﾠ
high ﾠas ﾠpreviously ﾠdiscussed. ﾠAt ﾠ2-ﾭ5 ﾠkm ﾠthe ﾠammonium ﾠconcentrations ﾠrepresent ﾠa ﾠdiverse ﾠmix ﾠ 609 ﾠ
of ﾠsources, ﾠwhile ﾠabove ﾠ5 ﾠkm ﾠEast ﾠAsia ﾠis ﾠthe ﾠsingle ﾠmost ﾠimportant ﾠsource. ﾠ 610 ﾠ
 ﾠ 611 ﾠ
6. ﾠAcidity ﾠof ﾠthe ﾠArctic ﾠaerosol ﾠ 612 ﾠ
6.1 ﾠAircraft ﾠdata ﾠ 613 ﾠ
The ﾠaerosol ﾠobserved ﾠduring ﾠthe ﾠApril ﾠ2008 ﾠaircraft ﾠcampaigns ﾠranged ﾠfrom ﾠhighly ﾠacidic ﾠto ﾠfully ﾠ 614 ﾠ
neutralized. ﾠFigure ﾠ8a ﾠshows ﾠthe ﾠobserved ﾠaerosol ﾠacidity ﾠas ﾠdefined ﾠby ﾠthe ﾠrelationship ﾠof ﾠ 615 ﾠ ﾠ
2[SO4
2-ﾭ]+[NO3
-ﾭ] ﾠversus ﾠ[NH4
+] ﾠ(Zhang ﾠet ﾠal., ﾠ2007a). ﾠWe ﾠdefine ﾠthe ﾠmean ﾠneutralized ﾠfraction ﾠas ﾠ 616 ﾠ
f ﾠ= ﾠ[NH4
+]/(2[SO4
2-ﾭ]+[NO3
-ﾭ]) ﾠwith ﾠall ﾠconcentrations ﾠin ﾠmolar ﾠunits. ﾠWe ﾠinclude ﾠnitrate ﾠfor ﾠanion ﾠ 617 ﾠ
closure, ﾠbut ﾠobserved ﾠnitrate ﾠconcentrations ﾠwere ﾠgenerally ﾠvery ﾠsmall ﾠrelative ﾠto ﾠsulfate, ﾠwith ﾠ 618 ﾠ
median ﾠ(interquartile) ﾠvalues ﾠof ﾠ2.0 ﾠ(1.2-ﾭ3.3) ﾠnmol ﾠm
-ﾭ3 ﾠSTP ﾠduring ﾠARCTAS ﾠand ﾠ0.9 ﾠ(0.2-ﾭ2.7) ﾠ 619 ﾠ
nmol ﾠm
-ﾭ3 ﾠSTP ﾠduring ﾠARCPAC. ﾠEven ﾠwhen ﾠsulfate ﾠwas ﾠneutralized ﾠ(f ﾠ> ﾠ0.9), ﾠnitrate ﾠcontributed ﾠ 620 ﾠ
on ﾠaverage ﾠonly ﾠ15% ﾠof ﾠthe ﾠtotal ﾠanion ﾠconcentration. ﾠThus ﾠf ﾠ= ﾠ1 ﾠimplies ﾠa ﾠ(NH4)2SO4 ﾠsulfate ﾠ 621 ﾠ
aerosol ﾠ(solid ﾠor ﾠaqueous), ﾠwhile ﾠf ﾠ= ﾠ0.5 ﾠimplies ﾠa ﾠNH4HSO4 ﾠsulfate ﾠaerosol ﾠin ﾠthe ﾠbulk. ﾠ 622 ﾠ
Observations ﾠwith ﾠf ﾠ> ﾠ1 ﾠ(excess ﾠaerosol ﾠammonium) ﾠcannot ﾠbe ﾠreconciled ﾠwith ﾠsulfate-ﾭnitrate-ﾭ 623 ﾠ
ammonium ﾠaerosol ﾠthermodynamics, ﾠbut ﾠare ﾠpossible ﾠdue ﾠto ﾠthe ﾠneutralization ﾠof ﾠorganic ﾠacids ﾠ 624 ﾠ
with ﾠammonia ﾠ(e.g., ﾠDinar ﾠet ﾠal., ﾠ2008;; ﾠMensah ﾠet ﾠal., ﾠ2011). ﾠThese ﾠdata ﾠare ﾠalso ﾠwithin ﾠthe ﾠ 625 ﾠ
precision ﾠof ﾠthe ﾠARCPAC ﾠAMS ﾠmeasurement ﾠ(±35%). ﾠThese ﾠvalues ﾠwere ﾠmainly ﾠassociated ﾠ 626 ﾠ
with ﾠbiomass ﾠburning ﾠplumes ﾠ(identified ﾠon ﾠthe ﾠbasis ﾠof ﾠacetonitrile ﾠconcentrations), ﾠwhere ﾠ 627 ﾠ
sulfate ﾠshould ﾠbe ﾠfully ﾠneutralized ﾠbecause ﾠof ﾠthe ﾠlarge ﾠNH3 ﾠsource ﾠand ﾠwhere ﾠthe ﾠvery ﾠlarge ﾠ 628 ﾠ
organic ﾠaerosol ﾠconcentrations ﾠand ﾠorganic ﾠacid ﾠaerosol ﾠmarkers ﾠcould ﾠresult ﾠin ﾠsome ﾠadditional ﾠ 629 ﾠ
uptake ﾠof ﾠammonium. ﾠ 630 ﾠ
 ﾠ 631 ﾠ
We ﾠsee ﾠfrom ﾠFigure ﾠ8a ﾠthat ﾠthe ﾠaerosol ﾠwas ﾠmost ﾠacidic ﾠbelow ﾠ2 ﾠkm, ﾠwith ﾠmedian ﾠneutralized ﾠ 632 ﾠ
fraction ﾠin ﾠthe ﾠobservations ﾠof ﾠf ﾠ= ﾠ0.53 ﾠfor ﾠARCTAS ﾠand ﾠf ﾠ= ﾠ0.50 ﾠfor ﾠARCPAC. ﾠWe ﾠfind ﾠno ﾠ 633 ﾠ
mean ﾠvertical ﾠgradient ﾠin ﾠaerosol ﾠacidity ﾠabove ﾠ2 ﾠkm ﾠand ﾠthus ﾠlump ﾠthose ﾠpoints ﾠtogether ﾠin ﾠ 634 ﾠ
Figure ﾠ8. ﾠThe ﾠaerosol ﾠabove ﾠ2 ﾠkm ﾠwas ﾠstill ﾠpredominantly ﾠacidic, ﾠwith ﾠmedian ﾠobserved ﾠ 635 ﾠ
neutralized ﾠfractions ﾠof ﾠf ﾠ= ﾠ0.69 ﾠfor ﾠARCTAS ﾠand ﾠf ﾠ= ﾠ0.65 ﾠfor ﾠARCPAC. ﾠThe ﾠvertical ﾠgradient ﾠin ﾠ 636 ﾠ
acidity ﾠis ﾠdue ﾠto ﾠlarge ﾠfree ﾠtropospheric ﾠsources ﾠof ﾠNH3 ﾠfrom ﾠEast ﾠAsia ﾠand ﾠbiomass ﾠburning, ﾠas ﾠ 637 ﾠ
discussed ﾠin ﾠSection ﾠ5. ﾠFigure ﾠ8b ﾠshows ﾠthat ﾠGEOS-ﾭChem ﾠprovides ﾠa ﾠgood ﾠsimulation ﾠof ﾠthe ﾠ 638 ﾠ
aerosol ﾠacidity ﾠalong ﾠthe ﾠflight ﾠtracks, ﾠalthough ﾠit ﾠslightly ﾠunderestimates ﾠthe ﾠmedian ﾠneutralized ﾠ 639 ﾠ
fractions ﾠboth ﾠbelow ﾠ2 ﾠkm ﾠ(ARCTAS: ﾠf ﾠ= ﾠ0.45, ﾠARCPAC: ﾠf ﾠ= ﾠ0.40) ﾠand ﾠabove ﾠ(ARCTAS: ﾠf ﾠ= ﾠ 640 ﾠ
0.60, ﾠARCPAC: ﾠf ﾠ= ﾠ0.66). ﾠThe ﾠunderestimates ﾠare ﾠlargest ﾠnear ﾠthe ﾠsurface, ﾠconsistent ﾠwith ﾠthe ﾠ 641 ﾠ
low-ﾭaltitude ﾠsulfate ﾠoverestimates ﾠand ﾠammonium ﾠunderestimates ﾠseen ﾠin ﾠApril ﾠin ﾠthe ﾠaircraft ﾠand ﾠ 642 ﾠ
surface ﾠdata ﾠ(Figs. ﾠ5, ﾠ6). ﾠ 643 ﾠ
 ﾠ 644 ﾠ
We ﾠused ﾠthe ﾠGEOS-ﾭChem ﾠsensitivity ﾠsimulations ﾠwith ﾠsuppressed ﾠSO2 ﾠand ﾠNH3 ﾠemissions ﾠfrom ﾠ 645 ﾠ
individual ﾠsource ﾠregions ﾠto ﾠinterpret ﾠthe ﾠaerosol ﾠacidity ﾠobserved ﾠduring ﾠARCTAS ﾠand ﾠ 646 ﾠ ﾠ
ARCPAC. ﾠThe ﾠsimulated ﾠaerosol ﾠneutralization ﾠsignatures ﾠfrom ﾠthe ﾠfour ﾠmajor ﾠanthropogenic ﾠ 647 ﾠ
source ﾠregions ﾠ(East ﾠAsia, ﾠEurope, ﾠWest ﾠAsia, ﾠand ﾠNorth ﾠAmerica) ﾠare ﾠshown ﾠin ﾠFig. ﾠ9 ﾠas ﾠscatter ﾠ 648 ﾠ
plots ﾠof ﾠthe ﾠreductions ﾠin ﾠsulfate ﾠand ﾠammonium ﾠalong ﾠthe ﾠaircraft ﾠtrajectories ﾠthat ﾠarise ﾠfrom ﾠ 649 ﾠ
suppressing ﾠeach ﾠsource ﾠin ﾠthe ﾠmodel. ﾠAerosol ﾠfrom ﾠNorth ﾠAmerica ﾠand ﾠWest ﾠAsia ﾠis ﾠmore ﾠacidic ﾠ 650 ﾠ
than ﾠaerosol ﾠfrom ﾠEast ﾠAsia ﾠand ﾠEurope ﾠdue ﾠto ﾠlower ﾠNH3/SO2 ﾠemission ﾠratios ﾠ(Table ﾠ2). ﾠ 651 ﾠ
Averaged ﾠover ﾠboth ﾠcampaigns, ﾠneutralized ﾠfractions ﾠin ﾠthe ﾠmodel ﾠare ﾠf ﾠ= ﾠ0.99, ﾠ0.75, ﾠ0.51, ﾠand ﾠ 652 ﾠ
0.41 ﾠfor ﾠthe ﾠaerosol ﾠoriginating ﾠfrom ﾠEast ﾠAsia, ﾠEurope, ﾠWest ﾠAsia, ﾠand ﾠNorth ﾠAmerica, ﾠ 653 ﾠ
respectively. ﾠThe ﾠaerosol ﾠacidity ﾠsource ﾠattribution ﾠin ﾠthe ﾠmodel ﾠhelps ﾠto ﾠexplain ﾠthe ﾠobserved ﾠ 654 ﾠ
vertical ﾠgradient ﾠin ﾠaerosol ﾠacidity ﾠin ﾠFig. ﾠ8. ﾠThe ﾠEast ﾠAsian ﾠinfluence ﾠpeaks ﾠabove ﾠ2 ﾠkm, ﾠ 655 ﾠ
supplying ﾠneutralized ﾠaerosol ﾠto ﾠthe ﾠfree ﾠtroposphere, ﾠwhile ﾠthe ﾠhighly ﾠacidic ﾠNorth ﾠAmerican ﾠ 656 ﾠ
aerosol ﾠis ﾠlargely ﾠconfined ﾠbelow ﾠ2 ﾠkm ﾠ(Fig. ﾠ5). ﾠ 657 ﾠ
 ﾠ 658 ﾠ
6.2 ﾠSurface ﾠdata ﾠ 659 ﾠ
The ﾠhigh ﾠacidity ﾠof ﾠthe ﾠlow-ﾭaltitude ﾠaerosol ﾠobserved ﾠand ﾠmodeled ﾠduring ﾠthe ﾠaircraft ﾠcampaigns ﾠ 660 ﾠ
is ﾠconsistent ﾠwith ﾠobservations ﾠat ﾠsurface ﾠsites. ﾠIn ﾠApril ﾠ2008, ﾠthe ﾠobserved ﾠsurface-ﾭlevel ﾠaerosol ﾠ 661 ﾠ
neutralized ﾠfractions ﾠwere ﾠf ﾠ= ﾠ0.36 ﾠat ﾠAlert, ﾠf ﾠ= ﾠ0.39 ﾠat ﾠZeppelin, ﾠand ﾠf ﾠ= ﾠ0.40 ﾠat ﾠBarrow. ﾠModeled ﾠ 662 ﾠ
neutralized ﾠfractions ﾠwere ﾠf ﾠ= ﾠ0.41 ﾠat ﾠAlert, ﾠf ﾠ= ﾠ0.36 ﾠat ﾠZeppelin, ﾠand ﾠf ﾠ= ﾠ0.43 ﾠat ﾠBarrow. ﾠFigure ﾠ 663 ﾠ
10 ﾠindicates ﾠlittle ﾠseasonal ﾠvariation ﾠover ﾠwinter-ﾭspring ﾠin ﾠaerosol ﾠneutralization ﾠat ﾠany ﾠof ﾠthe ﾠ 664 ﾠ
sites ﾠin ﾠthe ﾠfive-ﾭyear ﾠmean. ﾠAveraged ﾠover ﾠJanuary-ﾭMay ﾠfor ﾠ2004-ﾭ2008, ﾠobserved ﾠaerosol ﾠis ﾠmost ﾠ 665 ﾠ
acidic ﾠat ﾠAlert ﾠ(mean ﾠf ﾠ= ﾠ0.26) ﾠand ﾠmost ﾠneutralized ﾠat ﾠBarrow ﾠ(mean ﾠf ﾠ= ﾠ0.49);; ﾠhowever, ﾠthis ﾠ 666 ﾠ
spatial ﾠgradient ﾠwas ﾠnot ﾠevident ﾠin ﾠ2008 ﾠwhen ﾠboth ﾠmodel ﾠand ﾠobservations ﾠindicate ﾠsimilar ﾠ 667 ﾠ
neutralization ﾠat ﾠboth ﾠsites. ﾠ 668 ﾠ
 ﾠ 669 ﾠ
Long-ﾭterm ﾠobservations ﾠat ﾠBarrow ﾠand ﾠAlert ﾠshow ﾠconflicting ﾠtrends ﾠin ﾠaerosol ﾠacidity. ﾠAt ﾠ 670 ﾠ
Barrow, ﾠJanuary-ﾭApril ﾠammonium ﾠdecreased ﾠmore ﾠrapidly ﾠthan ﾠsulfate ﾠbetween ﾠ1998 ﾠand ﾠ2008, ﾠ 671 ﾠ
leading ﾠto ﾠa ﾠdecrease ﾠin ﾠthe ﾠammonium-ﾭto-ﾭsulfate ﾠratio ﾠof ﾠ6% ﾠa
-ﾭ1 ﾠ(significance ﾠof ﾠ0.01) ﾠand ﾠ 672 ﾠ
implying ﾠan ﾠincreasingly ﾠacidic ﾠaerosol ﾠ(Quinn ﾠet ﾠal., ﾠ2009). ﾠIn ﾠcontrast, ﾠat ﾠAlert ﾠthere ﾠwas ﾠno ﾠ 673 ﾠ
significant ﾠtrend ﾠin ﾠammonium, ﾠsulfate, ﾠor ﾠthe ﾠammonium-ﾭto-ﾭsulfate ﾠratio ﾠover ﾠthis ﾠperiod, ﾠ 674 ﾠ
implying ﾠno ﾠchange ﾠin ﾠaerosol ﾠneutralization ﾠthere. ﾠAcidic ﾠWest ﾠAsian ﾠemissions ﾠprovide ﾠa ﾠmajor ﾠ 675 ﾠ
source ﾠof ﾠsulfate ﾠto ﾠBarrow ﾠbut ﾠare ﾠless ﾠimportant ﾠat ﾠAlert, ﾠin ﾠpart ﾠbecause ﾠdeposition ﾠis ﾠhigher ﾠen ﾠ 676 ﾠ
route ﾠto ﾠAlert ﾠdue ﾠto ﾠthe ﾠmore ﾠdirect, ﾠsurface-ﾭlevel ﾠtransport ﾠ(Sharma ﾠet ﾠal., ﾠ2004;; ﾠSharma ﾠet ﾠal., ﾠ 677 ﾠ ﾠ
2006). ﾠIn ﾠboth ﾠKazakhstan ﾠand ﾠRussia, ﾠcoal ﾠproduction ﾠgrew ﾠby ﾠ20-ﾭ40% ﾠand ﾠpetroleum ﾠby ﾠ50-ﾭ 678 ﾠ
80% ﾠbetween ﾠ2000 ﾠand ﾠ2007 ﾠ(IEA ﾠStatistics, ﾠ2009;; ﾠUnited ﾠNations ﾠStatistics ﾠDivision, ﾠ 679 ﾠ
http://unstats.un.org/unsd/industry/). ﾠThis ﾠgrowth ﾠmay ﾠmask ﾠdecreases ﾠin ﾠSO2 ﾠfrom ﾠEurope ﾠand ﾠ 680 ﾠ
North ﾠAmerica, ﾠaccounting ﾠfor ﾠthe ﾠslower ﾠdecrease ﾠin ﾠsulfate ﾠrelative ﾠto ﾠammonium ﾠobserved ﾠat ﾠ 681 ﾠ
Barrow. ﾠ 682 ﾠ
 ﾠ 683 ﾠ
6.3 ﾠPan-ﾭArctic ﾠperspective ﾠ 684 ﾠ
Figure ﾠ11 ﾠshows ﾠthe ﾠmean ﾠmodel ﾠdistributions ﾠof ﾠaerosol ﾠneutralized ﾠfraction ﾠin ﾠsurface ﾠair ﾠand ﾠ 685 ﾠ
the ﾠfree ﾠtroposphere ﾠ(5 ﾠkm) ﾠfor ﾠwinter ﾠ(Jan-ﾭFeb) ﾠand ﾠspring ﾠ(April). ﾠPatterns ﾠof ﾠaerosol ﾠacidity ﾠin ﾠ 686 ﾠ
April ﾠare ﾠconsistent ﾠbetween ﾠthe ﾠaircraft ﾠflight ﾠtracks ﾠand ﾠthe ﾠHigh ﾠArctic ﾠin ﾠgeneral, ﾠwith ﾠmore ﾠ 687 ﾠ
acidic ﾠaerosol ﾠat ﾠthe ﾠsurface ﾠthan ﾠabove. ﾠThe ﾠmost ﾠacidic ﾠair ﾠis ﾠfound ﾠin ﾠsurface ﾠair ﾠover ﾠnorthern ﾠ 688 ﾠ
Eurasia ﾠwhere ﾠboth ﾠWest ﾠAsian ﾠsources ﾠand ﾠNorilsk ﾠhave ﾠa ﾠmajor ﾠinfluence. ﾠOver ﾠRussia ﾠand ﾠ 689 ﾠ
Scandinavia, ﾠthere ﾠis ﾠa ﾠstrong ﾠmeridional ﾠgradient ﾠin ﾠaerosol ﾠneutralization. ﾠThis ﾠmarks ﾠthe ﾠedge ﾠ 690 ﾠ
of ﾠthe ﾠpolar ﾠfront, ﾠwhich ﾠduring ﾠApril ﾠ2008 ﾠtypically ﾠextended ﾠto ﾠat ﾠleast ﾠ60°N ﾠand ﾠoften ﾠfurther ﾠ 691 ﾠ
south ﾠover ﾠEurasia ﾠ(Fuelberg ﾠet ﾠal., ﾠ2010). ﾠSmall ﾠareas ﾠof ﾠhigh ﾠacidity ﾠare ﾠalso ﾠevident ﾠnear ﾠlocal ﾠ 692 ﾠ
sulfate ﾠsources ﾠat ﾠPrudhoe ﾠBay ﾠin ﾠAlaska ﾠand ﾠNorilsk ﾠin ﾠRussia. ﾠIn ﾠthe ﾠfree ﾠtroposphere, ﾠthe ﾠ 693 ﾠ
aerosol ﾠis ﾠweakly ﾠacidic ﾠ(f ﾠ§ ﾠ0.6) ﾠacross ﾠthe ﾠHigh ﾠArctic. ﾠMore ﾠneutralized ﾠair ﾠis ﾠfound ﾠover ﾠ 694 ﾠ
eastern ﾠSiberia ﾠand ﾠthe ﾠBering ﾠSea, ﾠwhere ﾠthe ﾠcontributions ﾠfrom ﾠbiomass ﾠburning ﾠand ﾠEast ﾠ 695 ﾠ
Asian ﾠemissions ﾠare ﾠlargest. ﾠ 696 ﾠ
 ﾠ 697 ﾠ
We ﾠfind ﾠthat ﾠthe ﾠfree ﾠtroposphere ﾠis ﾠmuch ﾠmore ﾠacidic ﾠin ﾠwinter ﾠ(f ﾠ§ ﾠ0.3) ﾠthan ﾠspring, ﾠand ﾠthat ﾠthe ﾠ 698 ﾠ
vertical ﾠgradient ﾠin ﾠaerosol ﾠacidity ﾠis ﾠreversed. ﾠFree ﾠtropospheric ﾠaerosol ﾠconcentrations ﾠin ﾠwinter ﾠ 699 ﾠ
are ﾠlow, ﾠand ﾠhigh ﾠacidity ﾠarises ﾠfrom ﾠthe ﾠcontributions ﾠof ﾠvolcanism ﾠand ﾠDMS ﾠ(Fig. ﾠ7), ﾠwith ﾠlow ﾠ 700 ﾠ
Arctic ﾠemissions ﾠof ﾠthe ﾠlatter ﾠcompensated ﾠby ﾠhigher ﾠwind ﾠspeeds ﾠand ﾠtransport ﾠfrom ﾠfurther ﾠ 701 ﾠ
south. ﾠModeled ﾠneutralization ﾠin ﾠHigh ﾠArctic ﾠsurface ﾠair ﾠin ﾠwinter ﾠis ﾠpromoted ﾠby ﾠhigh ﾠoceanic ﾠ 702 ﾠ
NH3 ﾠemissions ﾠin ﾠthe ﾠArctic ﾠbasin. ﾠThis ﾠseasonal ﾠtrend ﾠof ﾠincreasing ﾠsurface ﾠacidity ﾠfrom ﾠwinter ﾠ 703 ﾠ
to ﾠspring ﾠis ﾠnot ﾠseen ﾠin ﾠthe ﾠobservations ﾠ(Fig. ﾠ10), ﾠagain ﾠsuggesting ﾠthat ﾠthese ﾠoceanic ﾠNH3 ﾠ 704 ﾠ
emissions ﾠare ﾠtoo ﾠhigh ﾠin ﾠthe ﾠmodel ﾠas ﾠpreviously ﾠdiscussed. ﾠThe ﾠacidity ﾠmaxima ﾠover ﾠthe ﾠ 705 ﾠ
northern ﾠAtlantic ﾠand ﾠPacific ﾠin ﾠwinter ﾠreflect ﾠhigh ﾠsurface ﾠwind ﾠspeeds ﾠthat ﾠdrive ﾠNH3 ﾠdry ﾠ 706 ﾠ
deposition ﾠover ﾠthe ﾠoceans. ﾠArctic ﾠsulfur ﾠemissions ﾠfrom ﾠNorilsk ﾠand ﾠPrudhoe ﾠBay, ﾠwhich ﾠ 707 ﾠ
produced ﾠhotspots ﾠof ﾠaerosol ﾠacidity ﾠin ﾠApril, ﾠare ﾠless ﾠmanifest ﾠin ﾠwinter ﾠbecause ﾠof ﾠthe ﾠslower ﾠ 708 ﾠ ﾠ
SO2 ﾠoxidation. ﾠThe ﾠinfluence ﾠfrom ﾠWest ﾠAsia, ﾠon ﾠthe ﾠother ﾠhand, ﾠis ﾠevident ﾠin ﾠthe ﾠwidespread ﾠ 709 ﾠ
region ﾠof ﾠacidity ﾠover ﾠEurasia ﾠthat ﾠextends ﾠto ﾠlower ﾠlatitudes ﾠwithin ﾠthe ﾠpolar ﾠfront. ﾠ ﾠ 710 ﾠ
 ﾠ 711 ﾠ
According ﾠto ﾠthe ﾠIntergovernmental ﾠPanel ﾠon ﾠClimate ﾠChange ﾠ(IPCC), ﾠglobal ﾠSO2 ﾠemissions ﾠare ﾠ 712 ﾠ
expected ﾠto ﾠdecrease ﾠover ﾠthe ﾠcoming ﾠdecades ﾠwhile ﾠNH3 ﾠemissions ﾠare ﾠexpected ﾠto ﾠincrease ﾠ 713 ﾠ
(RCP ﾠDatabase, ﾠhttp://www.iiasa.ac.at/web-ﾭapps/tnt/RcpDb/). ﾠThus ﾠthe ﾠArctic ﾠaerosol ﾠshould ﾠ 714 ﾠ
become ﾠincreasingly ﾠneutralized. ﾠHowever, ﾠgrowth ﾠin ﾠWest ﾠAsian ﾠenergy ﾠproduction ﾠis ﾠprojected ﾠ 715 ﾠ
for ﾠat ﾠleast ﾠthe ﾠnext ﾠfive ﾠyears ﾠ(Klotsvog ﾠet ﾠal., ﾠ2009) ﾠand ﾠcould ﾠincrease ﾠthe ﾠacidity ﾠof ﾠthe ﾠsurface ﾠ 716 ﾠ
aerosol ﾠover ﾠthe ﾠshort-ﾭterm ﾠhorizon ﾠas ﾠobserved ﾠby ﾠQuinn ﾠet ﾠal. ﾠ(2009). ﾠ 717 ﾠ
 ﾠ 718 ﾠ
The ﾠextent ﾠof ﾠsulfate ﾠneutralization ﾠhas ﾠimplications ﾠfor ﾠthe ﾠproperties ﾠof ﾠArctic ﾠclouds ﾠin ﾠwinter ﾠ 719 ﾠ
and ﾠspring. ﾠThe ﾠformation ﾠand ﾠstability ﾠof ﾠmixed-ﾭphase ﾠArctic ﾠclouds ﾠare ﾠhighly ﾠsensitive ﾠto ﾠice ﾠ 720 ﾠ
nuclei ﾠconcentration ﾠ(Harrington ﾠet ﾠal., ﾠ1999;; ﾠJiang ﾠet ﾠal., ﾠ2000;; ﾠHarrington ﾠand ﾠOlsson, ﾠ2001). ﾠ 721 ﾠ
Arctic ﾠair ﾠmasses ﾠwith ﾠelevated ﾠsulfate ﾠconcentrations ﾠhave ﾠbeen ﾠshown ﾠto ﾠbe ﾠdepleted ﾠin ﾠice ﾠ 722 ﾠ
nuclei ﾠrelative ﾠto ﾠclean ﾠair ﾠin ﾠspring ﾠ(Borys, ﾠ1989), ﾠwhich ﾠGirard ﾠet ﾠal. ﾠ(2005) ﾠfound ﾠto ﾠresult ﾠin ﾠ 723 ﾠ
larger ﾠice ﾠcrystal ﾠsizes ﾠand ﾠenhanced ﾠice ﾠprecipitation ﾠfollowed ﾠby ﾠtropospheric ﾠdehydration. ﾠThe ﾠ 724 ﾠ
dehydration ﾠreduces ﾠabsorption ﾠof ﾠlongwave ﾠradiation ﾠand ﾠcools ﾠthe ﾠatmosphere ﾠ(Blanchet ﾠand ﾠ 725 ﾠ
Girard, ﾠ1995;; ﾠCurry, ﾠ1995), ﾠfurther ﾠincreasing ﾠthe ﾠdehydration ﾠrate ﾠ(Girard ﾠet ﾠal., ﾠ2005). ﾠThis ﾠ 726 ﾠ
relationship ﾠresults ﾠin ﾠa ﾠpositive ﾠfeedback ﾠknown ﾠas ﾠthe ﾠdehydration-ﾭgreenhouse ﾠfeedback ﾠ(DGF) ﾠ 727 ﾠ
that ﾠcan ﾠcool ﾠthe ﾠArctic ﾠsurface ﾠby ﾠas ﾠmuch ﾠas ﾠ-ﾭ3°C ﾠ(Girard ﾠand ﾠStefanof, ﾠ2007). ﾠNeutralization ﾠ 728 ﾠ
of ﾠsulfate ﾠby ﾠammonium ﾠmay ﾠdecrease ﾠthe ﾠefficacy ﾠof ﾠthis ﾠfeedback ﾠcycle ﾠby ﾠproviding ﾠan ﾠ 729 ﾠ
increased ﾠsource ﾠof ﾠice ﾠnuclei. ﾠAt ﾠthe ﾠtemperatures ﾠand ﾠrelative ﾠhumidities ﾠcharacteristic ﾠof ﾠthe ﾠ 730 ﾠ
Arctic ﾠfree ﾠtroposphere, ﾠammonium ﾠsulfate ﾠparticles ﾠare ﾠexpected ﾠto ﾠbe ﾠpredominantly ﾠin ﾠthe ﾠ 731 ﾠ
solid ﾠphase, ﾠeven ﾠaccounting ﾠfor ﾠmetastability ﾠhysteresis ﾠ(J. ﾠWang ﾠet ﾠal., ﾠ2008a). ﾠAmmonium ﾠ 732 ﾠ
sulfate ﾠcan ﾠtherefore ﾠserve ﾠas ﾠheterogenous ﾠice ﾠnuclei ﾠunder ﾠconditions ﾠunfavorable ﾠto ﾠ 733 ﾠ
homogeneous ﾠnucleation ﾠon ﾠsulfate ﾠparticles ﾠ(Abbatt ﾠet ﾠal., ﾠ2006;; ﾠWise ﾠet ﾠal., ﾠ2009;; ﾠBaustian ﾠet ﾠ 734 ﾠ
al., ﾠ2010). ﾠIf ﾠNH3 ﾠemissions ﾠincrease ﾠin ﾠthe ﾠfuture ﾠas ﾠprojected ﾠby ﾠthe ﾠIPCC, ﾠan ﾠincreased ﾠ 735 ﾠ
population ﾠof ﾠammonium ﾠsulfate ﾠparticles ﾠin ﾠthe ﾠArctic ﾠmay ﾠlead ﾠto ﾠincreased ﾠice ﾠnuclei ﾠ 736 ﾠ
formation, ﾠreduced ﾠdehydration, ﾠand ﾠenhanced ﾠArctic ﾠwarming. ﾠ 737 ﾠ
 ﾠ 738 ﾠ
7. ﾠConclusions ﾠ 739 ﾠ ﾠ
We ﾠused ﾠobservations ﾠfrom ﾠthe ﾠARCTAS ﾠand ﾠARCPAC ﾠaircraft ﾠcampaigns ﾠin ﾠApril ﾠ2008 ﾠ 740 ﾠ
together ﾠwith ﾠlonger-ﾭterm ﾠrecords ﾠfrom ﾠArctic ﾠsurface ﾠsites ﾠto ﾠbetter ﾠunderstand ﾠthe ﾠsources ﾠof ﾠ 741 ﾠ
sulfate-ﾭammonium ﾠaerosol ﾠin ﾠthe ﾠArctic ﾠin ﾠwinter-ﾭspring ﾠand ﾠthe ﾠimplications ﾠfor ﾠArctic ﾠaerosol ﾠ 742 ﾠ
acidity. ﾠAerosol ﾠconcentrations ﾠin ﾠthe ﾠArctic ﾠare ﾠparticularly ﾠhigh ﾠin ﾠwinter-ﾭspring. ﾠSulfate ﾠis ﾠa ﾠ 743 ﾠ
dominant ﾠcomponent ﾠof ﾠthis ﾠaerosol, ﾠand ﾠits ﾠneutralization ﾠby ﾠammonium ﾠhas ﾠimportant ﾠ 744 ﾠ
implications ﾠfor ﾠclimate ﾠforcing. ﾠOur ﾠanalysis ﾠwas ﾠbased ﾠon ﾠsimulations ﾠof ﾠobservations ﾠwith ﾠthe ﾠ 745 ﾠ
GEOS-ﾭChem ﾠchemical ﾠtransport ﾠmodel, ﾠincluding ﾠsensitivity ﾠsimulations ﾠto ﾠdiagnose ﾠthe ﾠ 746 ﾠ
contributions ﾠfrom ﾠdifferent ﾠsource ﾠregions ﾠand ﾠsource ﾠtypes ﾠto ﾠaerosol ﾠconcentrations ﾠand ﾠ 747 ﾠ
acidity. ﾠ 748 ﾠ
 ﾠ 749 ﾠ
Observed ﾠwet ﾠdeposition ﾠfluxes ﾠof ﾠsulfate ﾠand ﾠammonium ﾠin ﾠthe ﾠU.S., ﾠEurope, ﾠand ﾠEast ﾠAsia ﾠin ﾠ 750 ﾠ
April ﾠ2008 ﾠwere ﾠused ﾠto ﾠtest ﾠthe ﾠemissions ﾠof ﾠSO2 ﾠand ﾠNH3 ﾠfrom ﾠthese ﾠcontinental ﾠsource ﾠregions ﾠ 751 ﾠ
in ﾠGEOS-ﾭChem. ﾠResults ﾠshowed ﾠgood ﾠagreement ﾠexcept ﾠfor ﾠammonium ﾠover ﾠthe ﾠMidwest ﾠU.S., ﾠ 752 ﾠ
where ﾠspring ﾠagricultural ﾠemissions ﾠare ﾠapparently ﾠunderestimated. ﾠUsing ﾠthe ﾠSO2/NH3 ﾠemission ﾠ 753 ﾠ
ratio ﾠand ﾠthe ﾠSO4
2-ﾭ/NH4
+ ﾠwet ﾠdeposition ﾠflux ﾠratio, ﾠwe ﾠfound ﾠthat ﾠspring ﾠemissions ﾠare ﾠconducive ﾠ 754 ﾠ
to ﾠfull ﾠneutralization ﾠby ﾠlarge ﾠNH3 ﾠinputs ﾠfrom ﾠagricultural ﾠactivity ﾠin ﾠboth ﾠEurope ﾠ(ENH3/2ESO2 ﾠ= ﾠ 755 ﾠ
1.3 ﾠmol ﾠmol
-ﾭ1) ﾠand ﾠEast ﾠAsia ﾠ(ENH3/2ESO2 ﾠ= ﾠ1.2 ﾠmol ﾠmol
-ﾭ1), ﾠwhereas ﾠemissions ﾠin ﾠthe ﾠU.S. ﾠshould ﾠ 756 ﾠ
lead ﾠto ﾠmuch ﾠmore ﾠacidic ﾠaerosol ﾠ(ENH3/2ESO2 ﾠ= ﾠ0.3 ﾠmol ﾠmol
-ﾭ1). ﾠ 757 ﾠ
 ﾠ 758 ﾠ
Sulfate ﾠconcentrations ﾠin ﾠthe ﾠaircraft ﾠobservations ﾠwere ﾠrelatively ﾠuniform ﾠthrough ﾠthe ﾠdepth ﾠof ﾠ 759 ﾠ
the ﾠtroposphere, ﾠand ﾠthis ﾠis ﾠwell ﾠsimulated ﾠwith ﾠthe ﾠmodel. ﾠThe ﾠmodel ﾠshows ﾠthat ﾠa ﾠdiversity ﾠof ﾠ 760 ﾠ
sources ﾠcontribute ﾠto ﾠsulfate ﾠburdens ﾠin ﾠspring, ﾠwith ﾠmajor ﾠcontributions ﾠat ﾠall ﾠaltitudes ﾠfrom ﾠEast ﾠ 761 ﾠ
Asian ﾠand ﾠEuropean ﾠanthropogenic ﾠsources, ﾠoxidation ﾠof ﾠDMS, ﾠand ﾠvolcanic ﾠemission. ﾠNorth ﾠ 762 ﾠ
American ﾠanthropogenic ﾠemissions ﾠare ﾠalso ﾠimportant ﾠbelow ﾠ2 ﾠkm. ﾠSurface ﾠsites ﾠnorth ﾠof ﾠthe ﾠ 763 ﾠ
Arctic ﾠfront ﾠ(Barrow, ﾠAlert, ﾠZeppelin) ﾠshow ﾠlittle ﾠvariation ﾠof ﾠtotal ﾠsulfate ﾠfrom ﾠwinter ﾠto ﾠspring, ﾠ 764 ﾠ
consistent ﾠwith ﾠthe ﾠmodel, ﾠbut ﾠthe ﾠmodel ﾠindicates ﾠan ﾠimportant ﾠseasonal ﾠshift ﾠin ﾠsource ﾠ 765 ﾠ
attribution ﾠwith ﾠnon-ﾭArctic ﾠWest ﾠAsian ﾠsources ﾠ(southwest ﾠRussia ﾠand ﾠKazakhstan) ﾠdominating ﾠ 766 ﾠ
in ﾠwinter. ﾠThis ﾠstrong ﾠWest ﾠAsian ﾠinfluence ﾠdissipates ﾠin ﾠthe ﾠspring ﾠwith ﾠthe ﾠnorthward ﾠ 767 ﾠ
contraction ﾠof ﾠthe ﾠpolar ﾠfront, ﾠto ﾠbe ﾠreplaced ﾠby ﾠincreasing ﾠsulfate ﾠcontributions ﾠfrom ﾠEast ﾠAsia ﾠ 768 ﾠ
and ﾠDMS ﾠemissions. ﾠWe ﾠfind ﾠthat ﾠindustrial ﾠsources ﾠof ﾠSO2 ﾠin ﾠthe ﾠArctic ﾠ(Norilsk, ﾠKola ﾠ 769 ﾠ
Peninsula, ﾠPrudhoe ﾠBay) ﾠmake ﾠlittle ﾠcontribution ﾠto ﾠthe ﾠArctic ﾠsulfate ﾠbudget. ﾠ 770 ﾠ ﾠ
 ﾠ 771 ﾠ
Our ﾠfinding ﾠof ﾠnon-ﾭArctic ﾠWest ﾠAsia ﾠ(southwest ﾠRussia ﾠand ﾠKazakhstan) ﾠas ﾠa ﾠmajor ﾠsource ﾠ 772 ﾠ
region ﾠfor ﾠArctic ﾠsulfate ﾠin ﾠwinter, ﾠdistinct ﾠfrom ﾠthe ﾠwell-ﾭknown ﾠsources ﾠin ﾠnorthwest ﾠRussia ﾠand ﾠ 773 ﾠ
Siberia, ﾠdoes ﾠnot ﾠseem ﾠto ﾠhave ﾠbeen ﾠrecognized ﾠbefore. ﾠSharma ﾠet ﾠal. ﾠ(2006) ﾠshow ﾠback-ﾭ 774 ﾠ
trajectories ﾠfor ﾠblack ﾠcarbon ﾠat ﾠAlert ﾠthat ﾠalso ﾠpoint ﾠto ﾠa ﾠsignificant ﾠsource ﾠfrom ﾠthat ﾠregion. ﾠOil ﾠ 775 ﾠ
fields ﾠand ﾠindustrial ﾠcenters ﾠin ﾠthat ﾠregion ﾠare ﾠa ﾠlarge ﾠand ﾠgrowing ﾠsource ﾠof ﾠSO2. ﾠThese ﾠ 776 ﾠ
emissions ﾠare ﾠreleased ﾠat ﾠlow ﾠenough ﾠlatitudes ﾠto ﾠenable ﾠoxidation ﾠof ﾠSO2 ﾠin ﾠwinter ﾠbut ﾠare ﾠstill ﾠ 777 ﾠ
within ﾠthe ﾠboundary ﾠof ﾠthe ﾠArctic ﾠfront ﾠ(which ﾠover ﾠEurasia ﾠcan ﾠextend ﾠas ﾠfar ﾠsouth ﾠas ﾠ40°N ﾠin ﾠ 778 ﾠ
winter;; ﾠBarrie ﾠand ﾠHoff, ﾠ1984), ﾠfacilitating ﾠrapid ﾠlow-ﾭaltitude ﾠtransport ﾠto ﾠthe ﾠArctic. ﾠBy ﾠcontrast, ﾠ 779 ﾠ
oxidation ﾠof ﾠSO2 ﾠemitted ﾠfrom ﾠArctic ﾠindustrial ﾠsources ﾠis ﾠlimited ﾠin ﾠwinter ﾠby ﾠdarkness ﾠand ﾠcold ﾠ 780 ﾠ
clouds. ﾠWest ﾠAsian ﾠemissions ﾠare ﾠhighly ﾠuncertain ﾠand ﾠmore ﾠwork ﾠis ﾠneeded ﾠto ﾠquantify ﾠthem ﾠin ﾠ 781 ﾠ
view ﾠof ﾠtheir ﾠapparent ﾠimportance ﾠas ﾠa ﾠsource ﾠof ﾠArctic ﾠsulfate. ﾠ 782 ﾠ
 ﾠ 783 ﾠ
Ammonium ﾠconcentrations ﾠobserved ﾠduring ﾠARCTAS ﾠand ﾠARCPAC ﾠwere ﾠhigher ﾠin ﾠthe ﾠfree ﾠ 784 ﾠ
troposphere ﾠthan ﾠin ﾠthe ﾠboundary ﾠlayer. ﾠThe ﾠsource ﾠinfluences ﾠin ﾠspring ﾠare ﾠless ﾠcomplex ﾠthan ﾠfor ﾠ 785 ﾠ
sulfate, ﾠwith ﾠ80% ﾠof ﾠfree ﾠtropospheric ﾠammonium ﾠoriginating ﾠfrom ﾠa ﾠmix ﾠof ﾠbiomass ﾠburning ﾠand ﾠ 786 ﾠ
East ﾠAsian ﾠand ﾠEuropean ﾠanthropogenic ﾠemissions. ﾠBiomass ﾠburning ﾠand ﾠEast ﾠAsian ﾠinfluences ﾠ 787 ﾠ
are ﾠstronger ﾠin ﾠthe ﾠfree ﾠtroposphere ﾠdue ﾠto ﾠlifting ﾠin ﾠwarm ﾠconveyor ﾠbelts ﾠover ﾠthe ﾠPacific. ﾠ 788 ﾠ
Surface ﾠsites ﾠshow ﾠa ﾠgeneral ﾠtendency ﾠfor ﾠhigher ﾠammonium ﾠconcentrations ﾠin ﾠspring ﾠthan ﾠwinter ﾠ 789 ﾠ
due ﾠto ﾠincreased ﾠNH3 ﾠemission ﾠassociated ﾠwith ﾠthe ﾠonset ﾠof ﾠagricultural ﾠfires ﾠand ﾠfertilizer ﾠ 790 ﾠ
application. ﾠThe ﾠmodel ﾠoverestimates ﾠobserved ﾠwinter ﾠammonium ﾠand ﾠtherefore ﾠaerosol ﾠ 791 ﾠ
neutralization ﾠat ﾠthe ﾠsurface ﾠsites, ﾠlikely ﾠbecause ﾠof ﾠpoor ﾠrepresentation ﾠof ﾠsea ﾠice ﾠsuppression ﾠof ﾠ 792 ﾠ
oceanic ﾠNH3 ﾠemission ﾠin ﾠthe ﾠGEIA ﾠinventory ﾠof ﾠBouwman ﾠet ﾠal. ﾠ(1997). ﾠWork ﾠis ﾠneeded ﾠto ﾠbetter ﾠ 793 ﾠ
quantify ﾠoceanic ﾠNH3 ﾠemissions ﾠand ﾠtheir ﾠseasonal ﾠvariation. ﾠ 794 ﾠ
 ﾠ 795 ﾠ
The ﾠaircraft ﾠdata ﾠindicated ﾠpredominantly ﾠacidic ﾠaerosol ﾠthroughout ﾠthe ﾠdepth ﾠof ﾠthe ﾠArctic ﾠ 796 ﾠ
troposphere ﾠin ﾠspring, ﾠwith ﾠhigher ﾠacidity ﾠbelow ﾠ2 ﾠkm ﾠ(median ﾠneutralized ﾠfraction ﾠf ﾠ= ﾠ 797 ﾠ
[NH4
+]/(2[SO4
2-ﾭ]+[NO3
-ﾭ]) ﾠ= ﾠ0.5) ﾠthan ﾠabove ﾠ(median ﾠf ﾠ= ﾠ0.7). ﾠObserved ﾠacidity ﾠat ﾠsurface ﾠsites ﾠ 798 ﾠ
was ﾠeven ﾠhigher ﾠ(f ﾠ= ﾠ0.4). ﾠThis ﾠgradient ﾠreflects ﾠthe ﾠpreferential ﾠtransport ﾠof ﾠneutralized ﾠbiomass ﾠ 799 ﾠ
burning ﾠand ﾠEast ﾠAsian ﾠaerosol ﾠin ﾠthe ﾠfree ﾠtroposphere. ﾠSimulation ﾠwith ﾠGEOS-ﾭChem ﾠindicates ﾠ 800 ﾠ
that ﾠthe ﾠfree ﾠtroposphere ﾠis ﾠmore ﾠacidic ﾠin ﾠwinter ﾠthan ﾠin ﾠspring, ﾠand ﾠnatural ﾠemissions ﾠplay ﾠa ﾠ 801 ﾠ ﾠ
major ﾠrole ﾠin ﾠdriving ﾠthis ﾠseasonality. ﾠDMS ﾠoxidation ﾠand ﾠvolcanic ﾠemission ﾠprovide ﾠa ﾠsource ﾠof ﾠ 802 ﾠ
sulfate ﾠthroughout ﾠthe ﾠtroposphere ﾠthat ﾠis ﾠnot ﾠmatched ﾠby ﾠnatural ﾠNH3 ﾠemission. ﾠAt ﾠthe ﾠsurface, ﾠ 803 ﾠ
observations ﾠshow ﾠno ﾠseasonal ﾠvariation ﾠin ﾠaerosol ﾠneutralization ﾠfrom ﾠwinter ﾠto ﾠspring. ﾠ 804 ﾠ
 ﾠ 805 ﾠ
Source ﾠneutralization ﾠsignatures ﾠcomputed ﾠfrom ﾠGEOS-ﾭChem ﾠand ﾠconsistent ﾠwith ﾠobservations ﾠ ﾠ 806 ﾠ
indicate ﾠthat ﾠEast ﾠAsia ﾠand ﾠEurope ﾠprovide ﾠneutralized ﾠaerosol ﾠto ﾠthe ﾠArctic, ﾠwhile ﾠWest ﾠAsia ﾠis ﾠ 807 ﾠ
the ﾠdominant ﾠsource ﾠof ﾠacidic ﾠaerosol. ﾠOur ﾠresults ﾠhelp ﾠexplain ﾠobserved ﾠlong-ﾭterm ﾠtrends ﾠin ﾠ 808 ﾠ
aerosol ﾠacidity ﾠat ﾠsurface ﾠsites. ﾠObservations ﾠfrom ﾠBarrow ﾠshow ﾠincreasing ﾠacidity ﾠover ﾠthe ﾠlast ﾠ 809 ﾠ
decade ﾠdue ﾠto ﾠmore ﾠrapid ﾠdecreases ﾠin ﾠammonium ﾠthan ﾠsulfate ﾠ(Quinn ﾠet ﾠal., ﾠ2008), ﾠwhile ﾠthere ﾠ 810 ﾠ
has ﾠbeen ﾠno ﾠchange ﾠin ﾠaerosol ﾠacidity ﾠat ﾠAlert. ﾠBecause ﾠBarrow ﾠis ﾠmore ﾠheavily ﾠinfluenced ﾠby ﾠ 811 ﾠ
acidic ﾠWest ﾠAsian ﾠsources ﾠthan ﾠAlert, ﾠthe ﾠimpacts ﾠat ﾠBarrow ﾠof ﾠrecent ﾠdecreases ﾠin ﾠSO2 ﾠ 812 ﾠ
emissions ﾠfrom ﾠNorth ﾠAmerica ﾠand ﾠEurope ﾠmay ﾠhave ﾠbeen ﾠmasked ﾠby ﾠconcurrent ﾠincreases ﾠin ﾠ 813 ﾠ
emissions ﾠfrom ﾠcoal ﾠand ﾠpetroleum ﾠproduction ﾠin ﾠRussia ﾠand ﾠKazakhstan. ﾠWhile ﾠfurther ﾠgrowth ﾠ 814 ﾠ
in ﾠthis ﾠregion ﾠis ﾠexpected ﾠover ﾠthe ﾠnext ﾠfew ﾠyears ﾠ(Klotsvog ﾠet ﾠal., ﾠ2009), ﾠlonger-ﾭterm ﾠprojections ﾠ 815 ﾠ
suggest ﾠglobal ﾠdecreases ﾠin ﾠSO2 ﾠemissions ﾠover ﾠthe ﾠnext ﾠdecades ﾠtogether ﾠwith ﾠincreases ﾠin ﾠNH3 ﾠ 816 ﾠ
emissions ﾠ(RCP ﾠDatabase, ﾠhttp://www.iiasa.ac.at/web-ﾭapps/tnt/RcpDb/). ﾠThe ﾠresultant ﾠincrease ﾠ 817 ﾠ
in ﾠthe ﾠconcentration ﾠof ﾠammonium ﾠsulfate ﾠaerosols ﾠmay ﾠlead ﾠto ﾠenhanced ﾠice ﾠnuclei ﾠformation, ﾠ 818 ﾠ
initiating ﾠa ﾠdehydration-ﾭgreenhouse ﾠfeedback ﾠthat ﾠcould ﾠaccelerate ﾠwarming ﾠin ﾠthe ﾠArctic. ﾠ 819 ﾠ
 ﾠ 820 ﾠ
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Figure ﾠcaptions ﾠ 1217 ﾠ
Figure ﾠ1. ﾠJanuary-ﾭMay ﾠ2008 ﾠGEOS-ﾭChem ﾠemissions ﾠof ﾠ(a) ﾠSO2 ﾠ(kg ﾠS ﾠkm
-ﾭ2) ﾠand ﾠ(b) ﾠNH3 ﾠ(kg ﾠN ﾠ 1218 ﾠ
km
-ﾭ2), ﾠaveraged ﾠover ﾠthe ﾠ2°x2.5° ﾠmodel ﾠgrid. ﾠRegional ﾠtotals ﾠare ﾠgiven ﾠin ﾠTable ﾠ1. ﾠ 1219 ﾠ
Figure ﾠ2. ﾠ(a) ﾠSulfate ﾠand ﾠ(b) ﾠammonium ﾠwet ﾠdeposition ﾠfluxes ﾠover ﾠNorth ﾠAmerica, ﾠEurope, ﾠand ﾠ 1220 ﾠ
East ﾠAsia ﾠin ﾠApril ﾠ2008. ﾠModel ﾠresults ﾠ(background) ﾠare ﾠcompared ﾠto ﾠobservations ﾠ(circles) ﾠfrom ﾠ 1221 ﾠ
the ﾠNADP, ﾠEMEP, ﾠand ﾠEANET ﾠnetworks. ﾠMajor ﾠoutliers ﾠin ﾠthe ﾠobservations ﾠ(sulfate ﾠdeposition ﾠ 1222 ﾠ
> ﾠ4 ﾠkg ﾠha
-ﾭ1, ﾠammonium ﾠdeposition ﾠ> ﾠ1.5 ﾠkg ﾠha
-ﾭ1) ﾠare ﾠhighlighted ﾠin ﾠwhite ﾠtrim. ﾠCorrelation ﾠ 1223 ﾠ
coefficients ﾠ(r) ﾠand ﾠnormalized ﾠmean ﾠbiases ﾠ(NMB), ﾠcomputed ﾠafter ﾠremoving ﾠmajor ﾠoutliers, ﾠare ﾠ 1224 ﾠ
given ﾠinset. ﾠMean ﾠobserved ﾠpH ﾠfor ﾠeach ﾠnetwork ﾠ(computed ﾠby ﾠaveraging ﾠthe ﾠmean ﾠprecipitation-ﾭ 1225 ﾠ
weighted ﾠ[H
+] ﾠat ﾠeach ﾠsite) ﾠis ﾠalso ﾠgiven ﾠinset. ﾠ 1226 ﾠ
Figure ﾠ3. ﾠRegions ﾠused ﾠfor ﾠsource ﾠattribution ﾠof ﾠsulfate-ﾭammonium ﾠaerosol ﾠin ﾠthe ﾠArctic. ﾠModel ﾠ 1227 ﾠ
sensitivity ﾠsimulations ﾠwere ﾠconducted ﾠwith ﾠanthropogenic ﾠemissions ﾠfrom ﾠeach ﾠof ﾠthese ﾠregions ﾠ 1228 ﾠ
shut ﾠoff ﾠindividually. ﾠAdditional ﾠsensitivity ﾠsimulations ﾠwere ﾠconducted ﾠshutting ﾠoff ﾠglobal ﾠship, ﾠ 1229 ﾠ
biomass ﾠburning ﾠand ﾠnatural ﾠemissions. ﾠAlso ﾠshown ﾠare ﾠthe ﾠflight ﾠtracks ﾠfor ﾠARCTAS ﾠ(brown) ﾠ 1230 ﾠ
and ﾠARCPAC ﾠ(yellow) ﾠand ﾠthe ﾠlocations ﾠof ﾠsurface ﾠstations ﾠused ﾠfor ﾠmodel ﾠevaluation: ﾠAlert ﾠ 1231 ﾠ
(A), ﾠBarrow ﾠ(B), ﾠDenali ﾠ(D), ﾠand ﾠZeppelin ﾠ(Z). ﾠ 1232 ﾠ
Figure ﾠ4. ﾠComparison ﾠof ﾠmodeled ﾠand ﾠobserved ﾠ(a) ﾠsulfate ﾠand ﾠ(b) ﾠammonium ﾠduring ﾠARCTAS ﾠ 1233 ﾠ
(top) ﾠand ﾠARCPAC ﾠ(bottom), ﾠcolored ﾠby ﾠaltitude. ﾠBiomass ﾠburning ﾠplumes, ﾠstratospheric ﾠair, ﾠ 1234 ﾠ
local ﾠpollution, ﾠobservations ﾠsouth ﾠof ﾠ60°N, ﾠand ﾠmajor ﾠoutliers ﾠhave ﾠbeen ﾠremoved ﾠfrom ﾠthe ﾠ 1235 ﾠ
comparisons ﾠas ﾠdescribed ﾠin ﾠthe ﾠtext. ﾠAll ﾠconcentrations ﾠare ﾠreported ﾠin ﾠnmol ﾠm
-ﾭ3 ﾠat ﾠstandard ﾠ 1236 ﾠ
temperature ﾠand ﾠpressure ﾠ(STP). ﾠAlso ﾠshown ﾠare ﾠthe ﾠ1:1 ﾠlines ﾠ(dashed) ﾠand ﾠreduced-ﾭmajor-ﾭaxis ﾠ 1237 ﾠ
regression ﾠlines ﾠ(solid). ﾠCorrelation ﾠcoefficients ﾠ(r) ﾠand ﾠnormalized ﾠmean ﾠbiases ﾠ(NMB) ﾠare ﾠ 1238 ﾠ
given ﾠinset. ﾠThere ﾠare ﾠmany ﾠmore ﾠcomparison ﾠpoints ﾠfor ﾠARCPAC ﾠthan ﾠARCTAS, ﾠdespite ﾠfewer ﾠ 1239 ﾠ
flight ﾠhours ﾠand ﾠsmaller ﾠsampling ﾠdomain, ﾠbecause ﾠof ﾠthe ﾠlong ﾠintegration ﾠtime ﾠ(4-ﾭ24 ﾠminutes) ﾠof ﾠ 1240 ﾠ
the ﾠSAGA ﾠfilters ﾠon ﾠthe ﾠARCTAS ﾠaircraft. ﾠ 1241 ﾠ
Figure ﾠ5. ﾠMean ﾠvertical ﾠdistributions ﾠof ﾠ(a) ﾠsulfate ﾠand ﾠ(b) ﾠammonium ﾠduring ﾠARCTAS ﾠ(top) ﾠ 1242 ﾠ
and ﾠARCPAC ﾠ(bottom). ﾠDark ﾠgray ﾠbars ﾠshow ﾠmean ﾠobserved ﾠconcentrations, ﾠand ﾠcolored ﾠbars ﾠ 1243 ﾠ
show ﾠmean ﾠmodel ﾠresults. ﾠModeled ﾠconcentrations ﾠare ﾠdecomposed ﾠinto ﾠcontributions ﾠfrom ﾠ 1244 ﾠ
various ﾠsources ﾠas ﾠindicated ﾠin ﾠthe ﾠlegend. ﾠBiomass ﾠburning ﾠrefers ﾠto ﾠopen ﾠbiomass ﾠburning;; ﾠ 1245 ﾠ
ELRIXHOLVLQFOXGHGLQWKHDQWKURSRJHQLFVRXUFH7KH³RWKHU´DQWKURSRJHQLFWHUPDOVRLQFOXGHV 1246 ﾠ
minor ﾠnon-ﾭlinear ﾠeffects ﾠin ﾠsource ﾠattribution ﾠ(see ﾠtext). ﾠBiomass ﾠburning ﾠplumes, ﾠstratospheric ﾠ 1247 ﾠ
air, ﾠlocal ﾠpollution, ﾠobservations ﾠsouth ﾠof ﾠ60°N, ﾠand ﾠmajor ﾠoutliers ﾠhave ﾠbeen ﾠremoved ﾠfrom ﾠthe ﾠ 1248 ﾠ
data ﾠas ﾠdescribed ﾠin ﾠthe ﾠtext. ﾠ 1249 ﾠ
Figure ﾠ6. ﾠJanuary-ﾭMay ﾠmonthly ﾠmean ﾠ(a) ﾠsulfate ﾠand ﾠ(b) ﾠammonium ﾠconcentrations ﾠobserved ﾠ 1250 ﾠ
and ﾠmodeled ﾠat ﾠArctic ﾠsurface ﾠsites. ﾠNo ﾠammonium ﾠdata ﾠare ﾠavailable ﾠat ﾠDenali ﾠor ﾠother ﾠ 1251 ﾠ
IMPROVE ﾠsites. ﾠThe ﾠthick ﾠblack ﾠlines ﾠshow ﾠthe ﾠobserved ﾠ2004-ﾭ2008 ﾠmonthly ﾠmeans ﾠand ﾠ 1252 ﾠ
interannual ﾠstandard ﾠdeviations;; ﾠ2008 ﾠmonthly ﾠmeans ﾠare ﾠshown ﾠas ﾠthin ﾠlines. ﾠModeled ﾠ 1253 ﾠ
concentrations ﾠare ﾠsubdivided ﾠinto ﾠcontributions ﾠfrom ﾠindividual ﾠsources ﾠas ﾠindicated ﾠin ﾠthe ﾠ 1254 ﾠ
legend. ﾠBiomass ﾠburning ﾠrefers ﾠto ﾠopen ﾠbiomass ﾠburning;; ﾠbiofuel ﾠis ﾠincluded ﾠin ﾠthe ﾠ 1255 ﾠ
DQWKURSRJHQLFVRXUFH7KH³RWKHU´DQWKURSRJHQLFWHUPDOVRLQFOXGHVPLQor ﾠnon-ﾭlinear ﾠeffects ﾠin ﾠ 1256 ﾠ
source ﾠattribution ﾠ(see ﾠtext). ﾠData ﾠsources ﾠare ﾠas ﾠfollows: ﾠAlert ﾠ± ﾠEnvironment ﾠCanada ﾠ(Gong ﾠet ﾠ 1257 ﾠ
al., ﾠ2010);; ﾠZeppelin ﾠ± ﾠEMEP ﾠ(http://ebas.nilu.no);; ﾠBarrow ﾠ± ﾠthe ﾠNOAA ﾠPacific ﾠMarine ﾠ 1258 ﾠ ﾠ
Environmental ﾠLaboratory ﾠ(http://saga.pmel.noaa.gov/data/);; ﾠDenali ﾠ-ﾭ ﾠthe ﾠIMPROVE ﾠnetwork ﾠ 1259 ﾠ
(Malm ﾠet ﾠal., ﾠ1994). ﾠ 1260 ﾠ
Figure ﾠ7. ﾠGEOS-ﾭChem ﾠbudgets ﾠof ﾠsulfate ﾠand ﾠammonium ﾠaerosols ﾠin ﾠthe ﾠHigh ﾠArctic ﾠ(75-ﾭ90°N) ﾠ 1261 ﾠ
in ﾠ(a) ﾠApril ﾠ2008 ﾠand ﾠ(b) ﾠJanuary-ﾭFebruary ﾠ2008. ﾠAerosol ﾠconcentrations ﾠfrom ﾠ10 ﾠdifferent ﾠ 1262 ﾠ
sources ﾠare ﾠshown ﾠfor ﾠthree ﾠaltitude ﾠbands. ﾠBiomass ﾠburning ﾠrefers ﾠto ﾠopen ﾠbiomass ﾠburning;; ﾠ 1263 ﾠ
ELRIXHOLVLQFOXGHGLQWKHDQWKURSRJHQLFVRXUFH7KH³RWKHU´DQWKURSRJHQLFWHUPDOVRLQFOXGHV 1264 ﾠ
minor ﾠnon-ﾭlinear ﾠeffects ﾠin ﾠsource ﾠattribution ﾠ(see ﾠtext). ﾠ 1265 ﾠ
Figure ﾠ8. ﾠScatterplots ﾠof ﾠ(a) ﾠobserved ﾠand ﾠ(b) ﾠmodeled ﾠacid ﾠaerosol ﾠneutralization ﾠduring ﾠ 1266 ﾠ
ARCTAS ﾠand ﾠARCPAC, ﾠas ﾠgiven ﾠby ﾠthe ﾠ2[SO4
2-ﾭ]+[NO3
-ﾭ] ﾠvs. ﾠ[NH4
+] ﾠrelationship. ﾠDashed ﾠlines ﾠ 1267 ﾠ
indicate ﾠthe ﾠdegree ﾠof ﾠaerosol ﾠneutralization, ﾠwith ﾠfully ﾠneutralized ﾠaerosols ﾠfalling ﾠalong ﾠthe ﾠf ﾠ= ﾠ 1268 ﾠ
1 ﾠline. ﾠ 1269 ﾠ
Figure ﾠ9. ﾠScatterplot ﾠof ﾠthe ﾠaerosol ﾠneutralization ﾠfraction ﾠfor ﾠaerosol ﾠoriginating ﾠfrom ﾠthe ﾠfour ﾠ 1270 ﾠ
major ﾠanthropogenic ﾠsource ﾠregions ﾠin ﾠthe ﾠGEOS-ﾭChem ﾠsimulation ﾠof ﾠthe ﾠARCTAS ﾠand ﾠ 1271 ﾠ
ARCPAC ﾠaircraft ﾠdata ﾠin ﾠApril ﾠ2008. ﾠColored ﾠlines ﾠshow ﾠthe ﾠreduced-ﾭmajor-ﾭaxis ﾠlinear ﾠ 1272 ﾠ
regressions. ﾠDashed ﾠlines ﾠindicate ﾠthe ﾠf ﾠ= ﾠ0.5 ﾠand ﾠf ﾠ= ﾠ1 ﾠlines, ﾠas ﾠin ﾠFig. ﾠ8. ﾠ 1273 ﾠ
Figure ﾠ10. ﾠ2004-ﾭ2008 ﾠmonthly ﾠmeans ﾠand ﾠinterannual ﾠstandard ﾠdeviations ﾠof ﾠaerosol ﾠneutralized ﾠ 1274 ﾠ
fraction ﾠ(f ﾠ= ﾠ[NH4
+]/(2[SO4
2-ﾭ]+[NO3
-ﾭ])) ﾠobserved ﾠat ﾠZeppelin ﾠ(blue), ﾠBarrow ﾠ(purple), ﾠand ﾠAlert ﾠ 1275 ﾠ
(red). ﾠ 1276 ﾠ
Figure ﾠ11. ﾠMaps ﾠof ﾠmean ﾠaerosol ﾠneutralized ﾠfraction ﾠ(f ﾠ= ﾠ[NH4
+]/(2[SO4
2-ﾭ]+[NO3
-ﾭ])) ﾠsimulated ﾠ 1277 ﾠ
by ﾠGEOS-ﾭChem ﾠin ﾠsurface ﾠair ﾠand ﾠat ﾠ5 ﾠkm ﾠaltitude ﾠfor ﾠApril ﾠand ﾠJanuary-ﾭFebruary ﾠ2008. ﾠThe ﾠ 1278 ﾠ
black ﾠdashed ﾠline ﾠmarks ﾠthe ﾠlimit ﾠof ﾠthe ﾠHigh ﾠArctic ﾠat ﾠ75°N. ﾠ 1279 ﾠTable ﾠ1. ﾠGlobal ﾠSO2 ﾠand ﾠNH3 ﾠemissions ﾠfor ﾠ2008.
a ﾠ
Source ﾠ SO2, ﾠTg ﾠS ﾠ ﾠ NH3, ﾠTg ﾠN ﾠ ﾠ
Anthropogenic
b ﾠ 64 ﾠ(27) ﾠ 39 ﾠ(15) ﾠ
Contiguous ﾠU.S. ﾠand ﾠCanada ﾠ(south ﾠof ﾠ60°N) ﾠ 8.0 ﾠ(3.3)
c,d ﾠ 2.6 ﾠ(0.82)
d ﾠ
Europe ﾠ(south ﾠof ﾠ60°N) ﾠ 6.9 ﾠ(3.2)
e ﾠ 5.2 ﾠ(2.3)
e ﾠ
West ﾠAsia ﾠand ﾠSiberia ﾠ(south ﾠof ﾠ60°N) ﾠ 3.3 ﾠ(1.4) ﾠ 1.2 ﾠ(0.30) ﾠ
East ﾠAsia
 ﾠ 23 ﾠ(9.7)
f ﾠ 21 ﾠ(7.4)
g ﾠ
North ﾠAmerican ﾠArctic ﾠ(60-ﾭ90°N, ﾠ180-ﾭ37.5°W) ﾠ 0.016 ﾠ(0.0067)
d ﾠ 0.0015 ﾠ(0.0006)
d ﾠ
Eurasian ﾠArctic ﾠ(60-ﾭ90°N, ﾠ37.5°W-ﾭ180°E) ﾠ 0.58 ﾠ(0.25)
e ﾠ 0.14 ﾠ(0.049)
e ﾠ
Rest ﾠof ﾠworld
 ﾠ 13 ﾠ(5.3) ﾠ 8.5 ﾠ(3.8) ﾠ
Ships ﾠ 8.5 ﾠ(3.5)
h ﾠ  ﾠ
Aircraft
 ﾠ 0.070 ﾠ(0.028)
i ﾠ -ﾭ-ﾭ ﾠ
Open ﾠBiomass ﾠburning
j ﾠ 2.0 ﾠ(0.56)
k ﾠ 9.5 ﾠ(2.3)
k ﾠ
Natural ﾠsources ﾠ 31 ﾠ(13) ﾠ 14.3 ﾠ(5.9) ﾠ
Oxidation ﾠof ﾠbiogenic ﾠdimethyl ﾠsulfide ﾠ(DMS) ﾠ 18 ﾠ(8.1)
l ﾠ -ﾭ-ﾭ ﾠ
Volcanism ﾠ 13 ﾠ(5.1)
m ﾠ -ﾭ-ﾭ ﾠ
Ocean, ﾠsoil, ﾠcrop ﾠdecomposition, ﾠwild ﾠanimals
 ﾠ -ﾭ-ﾭ ﾠ 14.3 ﾠ(5.9)
n ﾠ
TOTAL ﾠ 97 ﾠ(41) ﾠ 62 ﾠ(23) ﾠ
a ﾠAnnual ﾠtotals ﾠfor ﾠ2008 ﾠused ﾠin ﾠGEOS-ﾭChem. ﾠTotals ﾠfor ﾠJanuary-ﾭMay ﾠare ﾠgiven ﾠin ﾠ
parentheses. ﾠ
b ﾠIncluding ﾠfuel ﾠand ﾠindustrial ﾠemissions ﾠof ﾠSO2 ﾠand ﾠagricultural ﾠand ﾠfuel ﾠemissions ﾠof ﾠ
NH3. ﾠFuel ﾠemissions ﾠare ﾠmostly ﾠfrom ﾠcoal ﾠfor ﾠSO2 ﾠand ﾠfrom ﾠbiomass ﾠ(biofuel) ﾠfor ﾠNH3. ﾠ
Default ﾠanthropogenic ﾠemission ﾠinventories ﾠare ﾠEDGAR ﾠ3.2 ﾠfor ﾠSO2 ﾠin ﾠ2000 ﾠ(Olivier ﾠet ﾠ
al., ﾠ1999) ﾠand ﾠthe ﾠBouwman ﾠet ﾠal. ﾠ(1997) ﾠimplementation ﾠof ﾠthe ﾠGlobal ﾠEmissions ﾠ
Inventory ﾠActivity ﾠ(GEIA) ﾠfor ﾠNH3 ﾠin ﾠ1990 ﾠwith ﾠseasonality ﾠfrom ﾠPark ﾠet ﾠal. ﾠ(2004). ﾠ
These ﾠinventories ﾠare ﾠoverwritten ﾠfor ﾠspecific ﾠregions ﾠas ﾠindicated ﾠin ﾠfootnotes. ﾠSee ﾠFig. ﾠ3 ﾠ
for ﾠregion ﾠdefinitions. ﾠ
c ﾠU.S. ﾠanthropogenic ﾠSO2 ﾠemissions ﾠare ﾠfrom ﾠthe ﾠUS ﾠEnvironmental ﾠProtection ﾠAgency ﾠ
National ﾠEmission ﾠInventory ﾠfor ﾠ1999 ﾠ(EPA-ﾭNEI99, ﾠ
http://www.epa.gov/ttnchie1/net/1999inventory.html). ﾠ
d ﾠCanadian ﾠanthropogenic ﾠemissions ﾠare ﾠfrom ﾠthe ﾠCriteria ﾠAir ﾠContaminants ﾠ(CAC) ﾠ
inventory ﾠfor ﾠ2005 ﾠ(Environment ﾠCanada, ﾠ
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm). ﾠ
e ﾠEuropean ﾠanthropogenic ﾠemissions ﾠare ﾠfrom ﾠthe ﾠCooperative ﾠProgramme ﾠfor ﾠMonitoring ﾠ
and ﾠEvaluation ﾠof ﾠthe ﾠLong-ﾭrange ﾠTransmission ﾠof ﾠAir ﾠPollutants ﾠin ﾠEurope ﾠ(EMEP) ﾠ
inventory ﾠfor ﾠ2005 ﾠ(Vestreng ﾠand ﾠKlein, ﾠ2002). ﾠThese ﾠare ﾠalso ﾠused ﾠfor ﾠthe ﾠEuropean ﾠ
Arctic, ﾠwhile ﾠEDGAR ﾠ3.2 ﾠis ﾠused ﾠfor ﾠthe ﾠAsian ﾠArctic ﾠin ﾠthe ﾠabsence ﾠof ﾠbetter ﾠ
information. ﾠ
f ﾠAsian ﾠSO2 ﾠemissions ﾠare ﾠfrom ﾠthe ﾠNASA ﾠINTEX-ﾭB ﾠinventory ﾠfor ﾠ2006 ﾠ(Zhang ﾠet ﾠal., ﾠ
2009) ﾠwith ﾠseasonality ﾠbased ﾠon ﾠmonthly ﾠNOx ﾠemissions ﾠ(Zhang ﾠet ﾠal., ﾠ2007b). ﾠ
g ﾠEast ﾠAsian ﾠannual ﾠNH3 ﾠemissions ﾠare ﾠfrom ﾠStreets ﾠet ﾠal. ﾠ(2003) ﾠwith ﾠsuperimposed ﾠ
relative ﾠseasonal ﾠvariation ﾠbased ﾠon ﾠthe ﾠlength ﾠof ﾠthe ﾠgrowing ﾠseason ﾠfor ﾠfertilizer ﾠuse ﾠand ﾠ
on ﾠtemperature ﾠand ﾠwind ﾠspeed ﾠfor ﾠeverything ﾠelse ﾠ(L. ﾠBouwman, ﾠpersonal ﾠ
communication). ﾠ
h ﾠShip ﾠemissions ﾠof ﾠSO2 ﾠare ﾠbased ﾠon ﾠEDGAR ﾠ2000 ﾠ(Eyring ﾠet ﾠal., ﾠ2005a;; ﾠEyring ﾠet ﾠal., ﾠ
2005b), ﾠoverwritten ﾠover ﾠEurope ﾠby ﾠthe ﾠEMEP ﾠinventory. ﾠ
Table1
Click here to download Table: Table1.doci ﾠAircraft ﾠemissions ﾠof ﾠSO2 ﾠare ﾠbased ﾠon ﾠmean ﾠfuel ﾠconsumption ﾠfrom ﾠthe ﾠNASA ﾠ
Atmospheric ﾠEffects ﾠof ﾠAviation ﾠProject ﾠ(Baughcum ﾠet ﾠal., ﾠ1996) ﾠas ﾠdescribed ﾠby ﾠChin ﾠet ﾠ
al. ﾠ(2000). ﾠ
j ﾠExcluding ﾠbiofuel, ﾠwhich ﾠis ﾠincluded ﾠin ﾠthe ﾠanthropogenic ﾠsource. ﾠ
k ﾠBiomass ﾠburning ﾠemissions ﾠare ﾠfrom ﾠthe ﾠFLAMBE ﾠinventory ﾠ(Reid ﾠet ﾠal., ﾠ2009) ﾠ
corrected ﾠby ﾠFisher ﾠet ﾠal. ﾠ(2010), ﾠand ﾠare ﾠcomputed ﾠas ﾠdescribed ﾠin ﾠthe ﾠtext. ﾠ
l ﾠThe ﾠsource ﾠfrom ﾠDMS ﾠoxidation ﾠis ﾠas ﾠdescribed ﾠby ﾠPark ﾠet ﾠal. ﾠ(2004). ﾠ
m ﾠVolcanic ﾠSO2 ﾠemissions ﾠare ﾠfrom ﾠthe ﾠAEROCOM ﾠinventory ﾠ(Diehl, ﾠ2009). ﾠEmissions ﾠ
from ﾠcontinuous ﾠ(non-ﾭeruptive) ﾠvolcanic ﾠdegassing ﾠare ﾠinjected ﾠat ﾠthe ﾠaltitude ﾠof ﾠthe ﾠ
volcanic ﾠcrater. ﾠEruptive ﾠemissions ﾠare ﾠemitted ﾠevenly ﾠover ﾠthe ﾠtop ﾠthird ﾠof ﾠthe ﾠvolcanic ﾠ
plume, ﾠas ﾠdescribed ﾠby ﾠChin ﾠet ﾠal. ﾠ(2000). ﾠ
n ﾠNatural ﾠNH3 ﾠemissions ﾠ(ocean, ﾠsoil, ﾠcrop ﾠdecomposition, ﾠand ﾠwild ﾠanimals) ﾠare ﾠfrom ﾠ
Bouwman ﾠet ﾠal. ﾠ(1997). ﾠTable ﾠ2. ﾠSulfate ﾠneutralization ﾠratios ﾠby ﾠsource ﾠregion.
a ﾠ
Region
b ﾠ Emissions
c ﾠ
ENH3/2ESO2 ﾠ
(mol ﾠmol
-ﾭ1) ﾠ
Wet ﾠdeposition ﾠ(source ﾠregion)
d ﾠ
[NH4
+]/(2[SO4
2-ﾭ]) ﾠ
(mol ﾠmol
-ﾭ1) ﾠ
 ﾠ  ﾠ Observations ﾠ Model ﾠ
East ﾠAsia ﾠ 1.2 ﾠ 0.76 ﾠ 0.87 ﾠ
Europe ﾠ 1.3 ﾠ 1.4 ﾠ 1.7 ﾠ
North ﾠAmerica ﾠ 0.29 ﾠ 0.76 ﾠ 0.45 ﾠ
West ﾠAsia ﾠ 0.23 ﾠ -ﾭ-ﾭ ﾠ  ﾠ
a ﾠValues ﾠare ﾠfor ﾠApril ﾠ2008 ﾠ
b ﾠRegion ﾠdefinitions ﾠare ﾠgiven ﾠin ﾠFig. ﾠ3. ﾠ
c ﾠRatio ﾠof ﾠregional ﾠemissions ﾠas ﾠgiven ﾠin ﾠTable ﾠ1, ﾠfor ﾠApril ﾠonly. ﾠ
d ﾠRatios ﾠof ﾠmean ﾠprecipitation-ﾭweighted ﾠconcentrations ﾠat ﾠthe ﾠNADP, ﾠEMEP, ﾠand ﾠnon-ﾭ
urban ﾠEANET ﾠsites. ﾠ
 ﾠ
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